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*<  The  second  aspect  of  the  study  was  to  identify  advanced  EO/EM  window 
materials  which  should  be  investigated  for  their  potential  application 
to  the  advanced  missile  window  problem. 

A survey  of  missions  was  performed  and  reported  in  a separate 
classified  report.  A review  was  conducted  of  ceramic  materials  which 
are  refractory,  hard  and  have  the  potential  for  meeting  the  EO/EM  re- 
quirements. This  Review  identified  a wide  variety  of  materials  which 
can  potentially  meet  the  performance  requirements.  The  selected  ceindidates 
included  simple  compounds  in  the  oxide,  nitride  and  ternary  sulfide 
families,  oxynitrides,  and  a wide  variety  of  mixed  oxides.  A program 
plan  was  devised  to  synthesize,  and  characterize  these  materials  so 
that  a selection  of  the  few  most  promising  ones  can  be  made  for  further 
development  and  application  to  transparent  enclosures  for  advanced 

missiles. 
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This  Final  Report  covers  the  unclassified  results  of  the  Advanced 

Optical  Ceramics  Phase  "O"  study  performed  by  the  General  Electric  Company, 

Re-entry  and  Environmental  Systems  Division  (GE-RESD)  under  Office  of  Naval 

Research  Contract  No.  N00014-77-C-0649.  The  ONR  contract  monitor  was 

Dr.  A.  M.  Diness,  while  the  program  manager  was  Dr.  Solomon  Musikant 

(GE-RESD).  The  work  was  sponsored  under  the  Defense  Advanced  Research 

Projects  Agency  (DARPA)  Materials  Sciences  (Dr.  A.  Bement,  Jr.,  Director), 

DARPA  Order  No.  3387.  The  period  of  performance  for  the  technical  effort 

was  August  15,  1977,  through  February  15,  1978. 

Task  1 of  this  study  identified  the  advanced  DoD  missions  which  will 

impose  performance  requirements  on  electro-optical/electro  magnetic  (EO/EM) 

windows  beyond  the  state-of-the-art  as  it  is  currently  progressing.  A classified 

(confidential)  report  covering  this  aspect  of  the  study  has  been  Issued. 

Advanced  Optical  Ceramics 

Task  1 Report  - GE  No.  78SDR2196 

Advanced  Mission  Survey  and 
Ceramic  Window  Performance 
Requirements 

by  J.  Greshock  (GE-RESD)  November  30,  1977 
The  classified  volume  is  a comprehensive  review  of  ongoing  and  planned 
(to  the  year  2000)  developments  of  advanced  guided  missiles  as  well  as  ballistic 
re-entry  vehicles  which  will  require  advanced  optical/electromagnetic  windows 
for  successful  mission  performance.  The  volume  reviews  the  bandpasses  of 
interest,  the  aerothermal  loading,  and  the  projected  laser  threats  which  will  be 
imposed  on  these  windows.  The  rain  erosion  problem  is  evaluated  specifically  for 
the  SCRAM  hypersonic  vehicle. 
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SECTION  1 

INTRODUCTION  AND  SUMMARY 

1. 1 Introduction 

This  Advanced  Optical  Ceramics  Phase  "O"  Study  was  designed  firstly  to 
identify  the  advanced  DoD  missions  which  will  impose  performance  requirements 
on  electro  optical/electromagnetic  (EO/EM)  windows  beyond  the  state-of-the-art 
as  it  is  currently  progressing.  The  time  frame  being  considered  is  for  missions 
entering  operational  status  in  the  1985-1995  period.  The  second  aspect  of  this 
study  was  to  identify  advanced  EO/EM  window  materials  and  provide  a program 
plan  for  the  development  of  these  advanced  materials  which  will  meet  the  projected 
system  demands.  Phase  "O"  is  contemplated  to  be  part  of  a more  comprehensive 
program  leading  to  the  synthesis  of  advanced  materials  and  application  to  advanced 
missile  systems,  as  Indicated  in  Figure  1, 

The  following  paragraphs  summarize  the  conclusions  reached  and  reported 
in  the  classified  report  on  Task  1. 

1. 2 Missions 

Advanced  ceramic  materials  are  being  considered  as  candidates  for  electro- 
optical  and  electro- magnetic  window  applications  for  future  tactical  and  strategic 
systems.  These  systems  include  tactical  and  strategic  missiles,  aircraft,  remotely 
piloted  vehicles,  spacecraft,  battlefield  optics,  and  high  energy  lasers.  Since  the 
performance  criteria  for  some  of  these  systems  (particularly  missiles)  have  been 
advancing  rapidly,  it  has  become  increasingly  clear  that  one  of  the  limiting  technologies 
for  such  advanced  systems  is  the  window  material.  Table  1-1  lists  the  desired  qualities 
required  for  window  materials  as  a function  of  their  application.  As  seen  in  this 
table,  the  missiles  have  the  broadest  and,  therefore,  the  most  demanding  requirements. 
For  this  reason,  and  because  of  the  potentially  large  number  of  future  missile  appli- 
cations, this  study  concentrated  on  the  missile  applications.  It  was  felt  that  materials 
meeting  the  missile  requirements  would  most  likely  meet  the  requirements  for  other 
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FIGURE  1.  Advanced  Optical  Ceramics  — Program  Objectives 


by  J.  Greshock  (GE-RESD)  November  30,  1977 
(ONR  Contract  No.  N00014-77-C-0649 
-DARPA  Order  No.  3387) 


TABLE  1.1.  Desirable  Qualities  for  Advanced  Electro-Optical 
and  Electro- Magnetic  Window  Materials 


Desired  Qualities 


Systems 


Tactical  Missiles 

Strategic  Missiles 

Aircraft 

RPV’s 

Spacecraft 

Battlefield  Optics 

High  Energy  Lasers 


XXX 

XXX 

XXX 

XXX 

X 

X X 


X X X X XX 

XXX 
X X X 


X = These  characteristics  are  required,  but  to  a much 
lesser  extent  than  those  marked  "X”. 


-3- 


Captured  Flight 


r 


system  applications.  The  high  energy  laser  window  application  might  be  the  one 
exception  to  this  rule  because  of  the  large  power  transmission  levels  and  low 
optical  distortions  required. 

An  extensive  survey  of  advanced  requirements  for  missiles  from  the  exist- 
ing literature  and  from  Involved  government  agencies  was  conducted  and  it  was 
concluded  that  sufficient  need  exists  for  advanced  high  performance  electro-optical 
(EO)  or  electro- magnetic  (EM)  transmitting  ceramics  for  missile  applications  to 
warrant  the  major  emphasis  of  this  study  placed  in  this  area.  The  major  driving 
forces  for  these  needs  have  resulted  from  the  anticipated  superiority  in  Soviet 
force  size,  the  liklihood  of  non-ideal  weather  ccxiditions  in  both  tactical  and 
strategic  battle  environments,  and  the  need  for  methods  to  accomplish  missions 
for  which  solutions  have  yet  to  be  found.  These  driving  forces  are  summarized 
in  Table  1-2  and  Include  those  associated  with  the  natural  environment,  the  defense 
induced  environment,  and  the  new  mission  areas. 

From  the  natural  environment,  the  EO  and  EM  transmission  and  the  temper- 
ature dependence  of  this  transmission  are  primary  drivers.  The  thermal, 
structural  and  chemical  integrity  of  the  domes  (windows)  in  light  of  higher  velocity 
flight  profiles  is  next  followed  by  all  weather  capability  (including  visibility  and 
rain  erosion  retardation).  Low  cost  is  another  driver  particularly  for  tactical 
battlefield  support  missiles  which  will  be  used  in  great  quantities,  against  relatively 
Inexpensive  targets,  protecting  relatively  Inexpensive  assets.  The  defense  induced 
environments  Include  countermeasures,  high  energy  laser  irradiation,  physical 
avoidance  through  evasion  and  large  numbers  of  targets  requiring  a large  field 
of  view  for  the  sensor  and  window.  Some  new  missions  which  are  acting  as  drivers 
for  missile  dome  material  developments  are  the  need  for  a missile  which  can 
engage  other  tactical  missiles;  the  potential  need  for  a high  accuracy  non-nuclear, 
anti-ballistic  missile  should  nuclear  fuel  become  scarce;  and  high  precision 
terminal  homing  intercontinental  ballistic  missiles  (ICBM's). 


i 

I 


I 

i 

j 
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TABLE  1-2.  Fundamental  Driving  Forces  for  Window  Material  Development 


NATURAL  ENVIRONMENT  - EO,  EM  Spectrum 

High  Velocity 

Large  Field  of  View  (~±  90^) 
All  Weather 
Low  Cost 


DEFENSE  ENVIRONMENTS  - Jamming 

Laser 

Evasion 


NEW  MISSIONS  - Tactical  Anti-Missile  Missile 

Non-Nuclear  ABM 
Precision  Guided  ICBM's 
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An  evaluation  of  the  current  trends  has  led  to  the  conclusion  that  a missile 


( 

ji 

c. 
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with  the  following  characteristics  would  be  highly  desirable: 

1)  High  EO  and/or  EM  transmissibillty  and  non-degrading  trans- 
miss  ibility  at  elevated  temperatures 

2)  High  thermal  shock,  thermal  soak  and  thermo-chemical  capabilities 

3)  "Fire  and  forget"  missile  capability  which  implies  completely 
autonomous  homing  devices  with  wide  field  of  view  and  sufficient 
maneuvering  capability  to  combat  the  superiority  of  enemy  force 
levels 

4)  Operating  wavelengths  conducive  to  all  weather  performance 

5)  Missile  dome  physical  hardness  su^icient  to  survive  weather  or 
particulate  erosion  at  elevated  ten^ratures  and  to  provide  sufficient 
transmission  performance  in  the  presence  of  the  erosion  environ- 
ment 

6)  Homing  techniques  like  multi- mode  operation  to  defeat  enemy 
countermeasures 

7)  Low  or  negligible  self-emittance  in  the  sensor's  bandpass  as  a result 
of  thermal  heating; 

8)  High  aerod3mamic  structural  integrity  to  withstand  pressure,  axial 
acceleration  and  maneuvering  loads 

9)  Low  thermal  expansion  and  expansion  compatible  with  missile  interface 
materials 

10)  Clean  ablation  and  controlled  ablation  compatible  with  surrounding 

vehicle  heat  shield  material  (as  in  the  case  of  a re-entry  vehicle  [RV]). 

Table  1-3  summarizes  the  broad  spectrum  of  missile  applications  and  the 
interested  military  services.  The  missile  applications  are  separated  into  tactical 
and  strategic.  In  the  tactical  area,  the  following  categories  of  missions  are  given: 

1)  Alr-to-Air  (A-A) 

2)  Alr-to-Surface  (A-S) 

3)  Surface-to-Alr  (S-A) 

4)  Surface-to-Surface  (S-S) 
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In  the  tactical  missions,  the  systems  can  be  grouped  into  three  general 
categories  according  to  the  operational  flight  range  of  the  missiles.  Basically, 
the  short  range  systems  will  be  single  booster  boost  system  rockets  and  will 
have  high  accelerations,  short  boost  times,  and  be  submitted  to  high  thermal 
shock  conditions.  The  medium  range  systems  may  be  rocket  or  ramjet  type 
systems,  be  subjected  to  high  acceleration  (thermal  shock)  and  sustained  heat- 
ing during  the  longer  free  flight  or  cruise  periods.  The  long  range  systems 
will  be  either  cruise  type  or  intermediate  range  ballistic  missile  (IRBM)  and 
will  be  subjected  to  high  temperatures  for  long  durations. 

A rather  broad  list  of  terminal  homing  concepts  are  currently  being 
investigated  for  advanced  systems,  some  of  which  are  already  in  operational 
use.  Passive  3-5  Micron  IR  imaging  devices  for  hot  target  surface-to-air  and 
air-to-air  applications,  passive  8-12  Micron  IR  imaging  devices  for  air-to- 
surface  cold  target  applications,  active  and  passive  applications  for  radars  in 
all  wavebands  as  well  as  TV  devices  are  all  being  considered  for  a wide 
range  of  advanced  missiles. 

Therefore,  the  high  performance  ceramic  window  materials  which  this 
study  is  attempting  to  Identify  must  cover  the  entire  spectrum  from  visible  to 
long  wave  radar  and  have  the  potential  for  operations  in  a thermal  shock 
environment  and/or  a long  heat  soak  environment  without  failure  while 
performing  the  vital  electro-optical  tasks. 


1.3  Materials 


Missile  systems  now  In  use  cr  contemplated  for  near  term  deployment  which 
demand  ceramic  EO/EM  enclosures  due  to  thermal  loads  are  limited  by  the  very  few 
materials  available.  These  materials  are  summarized  In  Figure  2.  In  addition  to 
those  listed,  ongoing  development  Includes  silicon  nitride  as  an  emerging  material 
primarily  for  radar  applications. 

The  paucity  of  suitable  EO/EM  materials  limits  future  missions  particularly 
when  the  combined  thermal  shock/rain  erosion  environments  are  considered.  The 
(potential)  laser  threat  superimposed  on  the  natural  environments  amplifies  the 
dilemma  of  the  system  planner.  There  are  few,  if  any,  obvious  choices  for  advanced 
materials. 

The  current  study  has  identified  a number  of  materials  systems  which  have 
the  potential  for  meeting  the  more  stringent  performance  requirements  anticipated 
for  future  missile  applications.  These  advanced  material  candidates  are  summarized 
in  Figure  3.  Note  that  the  BeSiN2  is  expected  to  perform  similarly  to  Si3N4.  The 
advantage  of  BeSiN2  is  that  It  forms  solid  solutions  with  AIN  and  thus  provides  the 
possibility  of  a precipitation  hardened  "alloy",  as  noted  on  Figure  3. 

Since  thermal  shock  resistance  is  a key  requirement  in  the  development  of 
these  candidate  materials,  the  thermal  shock  parameter,  R,  will  have  to  be  maximized 
where 

R = Kjc/E 

o<  = coefficient  of  thermal  expansion 
E = modulus  of  elasticity 

= fracture  toughness  parameter 

E and  are  intrinsic  properties.  However,  Kj^  is  an  extrinsic  property 
and  can  be  enhanced  by  a variety  of  approaches.  This  issue  is  discussed  at  some 
length  in  Section  4. 

1.4  Program  Plan 

Based  on  the  results  of  the  Advanced  Optical  Ceramics  Phase  "O"  study,  a 
program  plan  has  been  devised  for  development  of  the  advanced  materials  in  three 
additional  phases.  This  plan  is  summarized  in  Figure  4.  The  plan  provides  for  a 
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FIGURE  2.  State-of-the-Art  Sensor  Enclosure  Windows 
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systematic  development  over  a period  of  three  years  (three  phases)  leading  to 
I scale-up  experiments  and  application  studies  for  advanced  missile  irdomes  and 

radomes.  The  recommended  program  plan  is  discussed  in  more  detail  in 
j Section  5. 

I 
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SECTION  2 
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REVIEW  OF  MATERIALS 


2. 1 Wavenumbers  and  TemtX'raturcs 

The  major  requirements  for  high  performance  materials  for  optical 
windows  are  optical  transparency,  low  thermal  expansion,  high  hardness  and 
toughness,  and  high  melting  or  decomposition  temperatures.  Not  all  of  these 
requirements  can  be  met  simultaneously  in  any  one  material,  hence  some  choices 


and  compromises  must  be  made.  In  order  to  systematize  tiie  selection  process 
the  spectral  regions  in  which  the  atmosiihere  is  transparent  are  first  divided  into 
several  categories  as  follows: 


Designation 

Wavelength,  microns 

Waviiiumbcr,  cm~^ 

UV 

0.2--0.4 

25,000-^  .50,000 

VIS 

0. 4-^0, 7 

14,290  — 25,000 

IR  1 

0.7-**3.0 

3,330  — 14,290 

IR  2 

3 5.  5 

1,820  — 3,330 

Atmos.  Opaque 

5. 5-^7. 5 

1,330  — 1,820 

IR  3 

7,  5 -*>10 

0 

1 

0 

0 

0 

IR  4 

10  14.5 

690  —1,000 

Atmos.  Opaque 

14.  5-^1,000 

10  — “ 690 

Radar 

1000—  00 

0 — ^ 10 

The  second  step  is  to  divide  the  temperature  range  over  which  the  material  must 

operate  into  several  ranges  of  500  degree  steps; 

Temperature  Range 

Designation 

SOO^K  -i^  773OK 

L = 

Low 

3000K  1273°K 

M = 

Moderate 

300°K  I7730K 

H = 

High 

3000k  2273°K 

VH  = 

Very  High 

I 

I 
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In  accord  with  these  two  divisions , a 4 x 7 matrix  can  be  constructed 


with  28  different  boxes  as  follows: 


The  rmal/ 

Optical L M H VH 

UV 

VIS 

IHl 

IR2 

IR3 

IR4 

Radar 


Figure  5:  Thermal/Optical  Classification  Format 


The  optical  materials  that  are  presently  used  can  be  entered  in  such  a table 
as  shown  in  Figure  5 if  we  know  their  optical  pass-bands  and  their  melting  points  or 
upper  operating  temperatures.  Some  of  these  current  materials  are  single  crystals 
of  ^ -AI2O3,  GaAs,  Ge,  MgO,  Si,  Si02;  polycrystalline  ceramic  bodies  of  CdTe, 
MgF2,  pyroceram,  ZnS,  and  ZnSe;  and  third,  fused  Si02  glass.  A material  has 
been  designated  as  transparent  if  the  optical  absorption  coefficient  is  less  than  1 cm“l. 
With  respect  to  temperature  divisions  the  upper  operating  temperature  for  •<  "AI2O2 
is  very  high.  The  upper  temperature  for  fused  Si02  is  limited  to  about  ISOO^K  by 
softening,  that  of  MgO  by  vaporization  and  reaction  with  H2O  to  form  Mg(OH)2:  the 
upper  temperature  limits  on  ZnS,  and  ZnSe  are  set  by  oxidation;  the  limits  on  CdTe, 
Ge,  GaAs,  and  Si  are  set  by  the  thermal  generation  of  free  carriers  which  make  the 
windows  opaque.  The  upper  temperature  limit  for  MgF2  is  unknown,  but  is  clearly 
less  than  the  melting  point  of  15360K.  Table  2-1  shows  where  the  current  materials 
fit  in  the  classification  format  depicted  by  Figure  5 . 
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TABLE  2-1  Operating  Ranges  of  Current  Window  Materials 
Under  Isothermal  Conditions  in  Air. 


! 

I 


OPTICAL 

RANGE 

THERMAL  RANGE 

L 

M 

H 

• VH 

UV 

MgO  a-Al202 
a-Si02  f-Si02 

MgO  a-Al20^ 
f-Si02 

“-AI2O3 

c-AljOj 

VIS 

MgO  a-Al202 
a-Si02  f-Si02 

MgO  a-Al  0^ 
f-Si02 

a-Al203 

“-A^2°3 

IRl 

MgF2  a-Al202 

MgO  a-Si02  ZnS 
ZnSe  f-Si02 

MgF2  a-Al202 

MgO  f-Si02 

o-AljOj 

IR2 

MgF2  MgO  CdTe 
Si  ZnS  Ge 

GaAs  ZnSe 

MgF2  MgO 

IR3 

Ge  ZnS 

GaAs  CdTe 

ZnSe 



IR4 

Ge  CdTe 

ZnSe 

nmm 

RADAR 

Pyroc.  a-Al202 
MgF2  n-Si02 

ZnSe  f-Si02 

ZnS  MgO 

Si  CdTe 

Ge 

Pyroc.  a-Al202 
MgF2  a-Si02 

MgO  f-Si02 

a -Si 
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The  rcglcxis  for  which  thoro  :ive  prcsfiitl^v  no  fully  acceptahle  rnaUTlals 
a IX'  Iht'  1H2,  1U2,  and  IH  l regions  at  temperatures  of  77;t‘’K  and  alwve,  even 
uiKler  Isothermal  conditions.  In  addition  to  tlie  Isothermal  problem  there  Is  tlie 
problem  of  operation  luuler  conditions  of  high  thermal  stress  where  Uiermal 
shock  Is  severe  and  m:my  materials  shatter.  For  e.xample,  the  rather  high 
thermal  expansion  coefficient  of  Q<  -Al2t>;j  is  mainly  resixmsible  for  its  low 
resistance  to  thermal  stress.  At  lOOth'K  the  diieclionally  averagiHl  thermal 
e.xpanslon  coefficient  of  oC  -Al^O^  is  = S.  1 x 10  / "k.  Note  that  ^ 

Is  defined  as  (dl  / /^,dt),  i.e.  , the  sIoih'  of  Uie  length  versus  U'mix'ratuix'  curve 
at  the  particular  temperatuix'  in  question.  The  thermal  shock  resistance  of 
fused  SlOo  is  suvx'iior  because  - O.S  x I0*b  / at  IOOO^’K.  Thus,  for  new 
window  materials,  o.xides  with  thermtil  e.xpansion  coefficients  appixiaching  those 
of  fused  SiO.)  but  with  the  upper  temjx'rature  oix'ratlng  limits  of  o<  -Abjtl-j  atul 
better  infrared  transparency  than  either  are  desired, 

2.  2 Chemical  and  Structural  (Guidelines  to  the  Selection  of  Window  Materials 
Constraints  on  Window  Materials 

Figure  (i  illustrates  the  optical  properties  that  must  1k'  adjusttxi  to  produce 
a window.  The  short  wavelength  side  is  Ixiunded  by  tJie  optical  absorption  ixlge, 
a rough  measure  of  the  electronic  band  gap.  Ihe  tall  of  the  absorption  edge  is 
usually  determined  by  extrinsic  factors  such  as  defects  or  impurities.  The  long 
wavelength  boundary  of  the  window  is  determined  by  the  vibrational  absorption  edge. 
The  position  of  the  vibrational  edge  is  determini'd  by  the  highest  frequency  {ilionons 
but  lies  at  somewhat  higher  frequency  due  to  multiphonon  pixicesses.  t)verlai>ping 
absorption  from  multiphonon  processes  involving  phonons  from  all  parts  of  tlu' 

Hrillouin  zone  produces  an  exixjnential  contbiuum  of  absoi^ption  of  the  form 

- 

^ « A €. 

Where  A and  A'  are  fitting  ixinimeters  . 

The  effective  window  bandpass  is  tlierefore  determiiuxl  by  the  application  of  Uie 
window  material  which  dictates  the  permissable  absorption  coefficient  at  the 
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absorption  COEFFICIEHT 


t 

t 

wavelengths  used  by  the  device.  The  absorption  in  the  window  region  is  largely 

dictated  by  extrinsic  factors  (impurities,  defects,  free  carriers,  and  electronic  j 

absorption  within  the  atoms  that  make  up  the  material) . 

The  shape  and  position  of  the  electronic  band  edge  is  critical  for  window 
materials  that  are  expected  to  operate  at  high  temperatures.  At  high  temperatures 
the  tail  of  the  edge  is  extended  to  longer  wavelengths  decreasing  the  effective  band- 
pass of  the  window.  Likewise,  high  temperatures  tend  to  ionize  defect  centers, 

increase  free  carrier  concentrations  and  generally  to  raise  the  absorption  back-  ! 

i 

ground  in  the  extrinsic  region.  j 

Screening  for  Candidate  Window  Materials  | 

The  first  screening  criterion  is  the  position  of  the  electronic  absorption  | 

edge.  Materials  with  a large  band  gap  are  Insulators  and  these  are  constructed  | 

from  anions  found  mainly  in  the  upper  right  portion  of  the  periodic  table.  These  j 

may  be  summarized:  ] 

— The  haUdes , especially  those  of  the  alkali  metals  have  some  of  the 

band  gaps  and  some  of  the  best  optical  properties  for  window  materials , 
very  low  absorption  coefficients  in  the  visable  and  infrared  and  moderate 
to  low  refractive  indices.  Mechanical  and  thermal  properties,  and 
resistance  to  chemical  attack,  of  course  are  poor. 

— Oxides  including  complex  oxides  such  as  the  silicates,  have  inter-  ! 

mediate  band  gaps , 3 to  6 eV  being  common.  Metallic  oxides  are  rare , 
although  a few  oxides  of  the  transition  metals  are  metallic  and  many  are 
semiconductors. 

— Chalcogenldes  (S,  Se,  and  Te)  have  lower  band  gaps  than  oxides.  Sulfides  < 

exist  with  band  gaps  as  high  as  3 eV  but  higher  values  are  not  common.  i 

Chalcogenldes  with  semiconductor  or  metallic  properties  are  common.  I 

— Nitrides  are  separated  into  a relatively  limited  family  of  the  nitrides  of  j 

the  light  elements  that  are  insulators  and  a large  family  of  nitrides  of  j 

I 

the  heavier  elements,  especially  transition  elements  that  are  metals. 

However,  from  the  restricted  group  of  light  element  nitrides  are  compounds  j 

with  exceptionally  favorable  thermal  and  mechanical  properties. 


A 
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Carbides  are  nearly  all  metallic  with  a few  obvious  and  outstanding 
exceptions  such  as  diamond  and  SiC. 
llorides  arc  nearly  all  metallic  or  semiconductors. 


From  this  very  quick  screening  based  only  on  the  electronic  behavior  of 
the  anions,  and  with  the  understanding  that  the  halides  have  already  been  inten- 
sively Investigated,  it  is  concluded  that  a choice  of  entire  families  of  compounds 
for  investigation  will  occur  only  among  the  oxide  and  chalcogenide  materials.  A 
more  limited  number  of  nitride,  phosphide,  and  carbide  compounds  exist. 

Screening  of  cations  can  be  done  in  general  terms  with  respect  to  their 
contribution  to  absorption  in  the  extrinsic  region.  The  arrangement  is  by  ions 
rather  than  by  elements  since  it  is  the  electronic  structure  of  the  individual  ions 
that  determines  many  of  the  absorption  characteristics.  Cations  can  be  classified 
into  five  categories  on  the  basis  of  their  electronic  structure  (Table  2-2).  The 
noble  gas  core  ions  have  filled  electronic  shells  and  do  not  give  rise  to  absorption 
features  within  Uie  extrinsic  regions.  However,  alkali  metal  compounds  tend  to 
be  subject  to  chemical  attack  and  are  seldom  very  refractory.  The  rare  earth 
ions  La3+,  Gd^"*",  Y^'*'  and  Lu^^  are  those  that  do  not  have  mixed  valence  states 
which  night  give  rise  to  absorption  because  of  charge  transfer,  and  do  not  have 
partly^filled  f-shells  with  accompanying  sharp  band  absorption  in  the  extrinsic 
region  due  to  f-f  transitions.  The  filled  d-shell  cations  generally  form  insulating 
oxides  and  sulfides.  Mixing  of  the  d and  p orbitals  is  responsible  for  a higher  degi-ee 
of  covalent  bonding  in  compounds  of  these  ions. 

These  sets  of  criteria  define,  in  very  general  terms,  the  range  of  chemical 
compositions  in  which  a search  for  new  materials  with  useful  optical  properties 
might  be  productive. 

Absorption  Coefficients  for  Single  Crystal  Material 

Appendix  I contains  absorption  coefficient  data  as  a function  of  photon  wave- 
number  for  a number  of  single  crystal  materials.  This  data  has  been  assembled 
from  a wide  review  of  the  literature  and  is  reported  in  General  Electric  Company 
Technical  Information  Series,  TIS  No.  78-SDR-2199,  May  15,  1978,  by  l)r.  G.  A. 
Slack. 


TABLE  2-2:  Electronic  Structure  of  Cations 


I. 

Noble  Gas  Core  Ions 

Li+  Na+  K+ 

Tend  to  form  hygroscopic  compounds 

Be++  Mg^  Ca-*^  Si^-*-  Ba^^ 

Useful 

Ai3+  si^ 

Useful,  may  be  hygroscopic  chalcogenides 

u. 

Rare  Earth  Ions 

La3+ Lu^^, 

La^  , Gd3+,  Lu^  do  not  have  absorption 

In  the  visible  - near  IR  due  to  partly-filled 
f-shells. 

m. 

Filled  d -Shell  Ions 

Cu+.  Ag^,  Zn^'*^,  Cd^ 

Ga^ , In^  Sn‘*+  Ge'^ 

Possibly  useful  ( ? ) 

IV. 

Transition  Metal  Ions 

Fe^  Other  iron-group 

Partly  filled  d-orbltals  (or  bands)  leads  to 

4d  and  5d  ions 

semiconducting  or  metallic  behavior.  Useful 
windows  unlikely. 

V. 

Rydberg  Ions 

Sn2+  i%3+  Sb^ 

Complex  bonding  due  to  lone  pair  electrons 

Pb^  Bi^-^ 

leads  to  soft,  low-melting  materials  although 
optical  properties  may  be  good. 

Structural  Controls  of  the  Vibrational  Absorption  Edge 


The  position  of  vibrational  absorption  bands  is  critical  for  infrared  window 
materials.  Good  infrared  windows  require  a long  wavelength  vibrational  cut-off  . 

Low  frequency  modes  are  associated  with  long  bonds,  and  high  atomic  masses.  Such 
materials  are  unlikely  to  be  refractory,  tough,  hard,  and  have  good  thermomechanical 
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pi'ovx'rties.  Uclow  arc  considered  some  of  the  (wrameters  that  influence  Uic 
frequencies  of  the  fundamental  phonon  modes  and  tJius  tlie  position  of  tlie  vibra- 
tional edge  and  which  can  bo  used  to  guide  the  trade-offs  in  these  materials. 

Vibrational  fretiuencies  dejiend  dlrectlj'  on  the  force  consUmts  of  Uie 
bonds  and  Inverselj’  on  the  atomic  masses.  Heavj’  atoms  vibrato  with  lower 
frequencies  than  light  atoms  and  this  can  be  used  as  a guideline.  As  a rough 
approximation  the  highest  frequency  modes  are  mainlj’  of  l>ond -stretching  chai*acter. 

Regarding  the  cation-anion  pair  rather  crodel^v  as  diatomic  molecviles,  the  dependence 
of  the  frequency  on  mass  goes  as*x/  = where jH,  the  reduced  mass  of  the 

cation-anion  fwlr  is  \/^  1,'me  > 1/m,,,  Hie  effect  of  vaiying  cation  mass  on  tlie 

vibrational  frequency  can  be  described  by  a scaling  factor  (Figure  7)  which  has 
been  noi-mallzed  to  unit>’  when  the  cation  mass  is  equal  to  the  mass  of  oxj'gen. 

For  any  given  anion  mass.  Figure  7 shows  that  Increasing  the  cation  mass  decreases 
the  Ixind  frequencies  up  to  alwut  mass  number  7.^).  The  sliift  in  vibrational  frequency 
obtained  by  substituting  germanium  for  silicon  due  to  mass  effects  alone  is  seen  to 
bt'  about  10'', Once  the  mass  number  is  above  7.'),  tlie  frequentw  shift  obt.ained  by 
substituting  still  heavier  ions  rapidly  becomes  negligible.  Substitution  of  hafnium 
(m^,  = 178)  for  zirconium  (m,.  = 91)  in  an  oxide  should  produce  a frequency  shift 
from  Uie  mass  effect  alone  of  less  tlian  2'r.  Figure  7 does  show  that  the  frequency 
shift  obtained  by  substituting  a heavier  anion  is  large,  niese  curves  allow  the 
conclusion  that  it  would  be  cxtremelj’  difficult  to  find  an  o.xlde  material  suitable 
for  far  Infrared  windows  whereas  there  may  be  a considerable  number  of  chalcogenidc 
materials  that  would  satisfy  at  least  the  optical  pro{>eJti^  requirements. 

The  high  frequency  vibrational  modes  roiy  directly  as  (force  constant) 

Ilond  foi'ce  constants  decrease  rapidVv  with  Interatomic  distances  and  also  decrease 
with  increasing  cation  coordination  number.  Li  purel>'  ionic  bonding  this  can  lie 

seen  to  follow  directly  from  the  Coulomb  force  in  which  the  force  constant  would  | 

vary  with  the  inverse  cube  of  the  interatomic  distance.  The  cooixlination  numlier  | 

effect  arises  because  the  effective  charge  must  be  shared  among  more  ligands  in  | 

structures  with  higher  cooi-dlnatlon  numbers.  In  real  systems  where  the  bonding  is  | 


FIGURE  7,  Mass  Weighting  Factors 


of  mixed  covalent/ionlc  character,  the  force  constant  still  decreases  with  increasing 
interatomic  distance.  These  effects  are  illustrated  in  Figures  where  is  plotted 
the  highest  frequency  mode  of  a number  of  simple  ciystal  structures  as  a function  of 
the  catlon-anlon  distance.  With  a few  exceptions  such  as  ZnO,  the  materials  tend 
to  fall  into  well-defined  coordination  groups. 

A similar  effect  is  seen  in  the  vibrational  frequencies  of  molecular  anions 
(Figure  9).  Here  the  average  of  the  high  frequency  infrared -active  absorption  bands 
is  plotted  against  che  sum  of  the  cation  and  anion  radius.  These  frequencies  must  be 
taken  as  representative  rather  than  specific  since  there  is  some  influence  of  the 
other  ions  that  enter  these  complex  oxide  structures.  The  SiO^  frequency,  for 
example,  is  that  of  Mg2Si04.  Other  silicates  would  yield  somewhat  different  values. 
However,  the  trend  of  the  data  would  not  be  changed. 

Since  heavy  atoms  also  tend  to  be  large  atoms,  it  can  be  seen  from  Figures 8 
and  9 that  the  association  of  low  vibrational  frequencies  with  heavy  cations  is  likelj' 
more  a result  of  large  interatomic  distances  and  high  coordination  numbers  than  of 
the  large  cation  masses  as  such.  As  Figure  7 illustrates,  cation  mass  is  not  a 
strong  control  when  the  masses  are  large. 

The  ixjsition  of  the  vibrational  edge  is  also  determined  by  the  maximum 
absorption  coefficients.  Materials  with  very  high  oscillator  strengths  will  have 
virbratlonal  edges  at  higher  frequencies  than  materials  with  less  intense  absorption 
for  the  same  values  of  the  vibrational  frequencies.  The  peak  absorption  coefficient 
is  determined  by  the  derivative  of  the  bond  dipole  moment  with  respect  to  the  dis- 
placement coordinate  describing  the  vibration.  Strongly  ionic  materials  have  large 
dipolar  derivatives  and  the  peak  absorption  coefficient  is  in  the  range  of  10  cm“  . 

The  data  for  MgO  and  AI2O3  are  examples.  The  smallest  dipolar  derivatives  occur 
in  materials  with  completely  homopolar  bonding  so  that  there  is  no  net  charge  dis- 
placement during  vibration.  The  data  on  diamond,  silicon  and boron  provide 
examples . 

2.3  Optical  Behavior 

Specular  vs.  Diffuse  Transmittance 

With  regard  to  optical  behavior,  there  is  no  question  regarding  the  desirability 
for  an  optically  isotropic  material.  Optical  isotropy  occurs  only  in  cubic  crystals 
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and  "amorphous"  materials  (glasses,  liquids  and  gases). 

The  velocity  of  light  in  non-cubic  crystals  varies  with  the  direction  of 
propagation.  An  allied  property  of  anisotropic  crystals  is  that  of  double  refraction 
or  birefringence.  In  uniaxial  crystals  (tetragonal,  trigonal,  and  hexagonal)  there 
is  only  one  direction  in  which  double  refraction  does  not  occur.  This  is  called  the 
optical  axis.  In  bisudal  crystals  (orthorhombic,  monoclinic  and  tricllnic)  there 
are  two  directions  where  double  refraction  does  not  occur.  Within  a polycrystalline 
aggregate,  the  phenomena  of  double  refraction  or  birefringence  (which  represents 
the  extremes  in  indices  of  refraction  within  a crystal,  i,  e.  , ng-nQ  in  uniaxial 
crystals  or  02-0^  in  biaxial  crystals)  is  an  intrinsic  property  the  degree  of  which 
must  be  assessed  in  terms  of  its  contribution  to  scattering  in  a polycrystalline 
aggregate. 

Harrlson^^^  has  derived  the  following  equation  relating  birefringence, 
grain  morphology  and  scattering  angle; 

QU  Ai/iT 

where  Qg  is  the  angular  spread  in  radians  of  a pencil  light  beam  after  passing 
through  a polycrystalline  plate 
n is  the  birefringence 
n is  the  average  index  of  refraction 

N is  the  number  of  randomly  oriented  grain  boundaries  crossed  by  the 
light  beam 

The  transparency  or  ability  to  see  through  a material  is  further  related  to  geometrical 
factors  as  given  by  the  following  equation,  also  developed  by  Harrison  ; 

d = L ©8 

where  d is  the  spacing  between  lines  in  a grid  which  can  be  resolved 
L is  the  distance  between  sample  and  grid 


j 
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Obviously,  Isotropic  materials  with  zero  birefringence  are  predicted  to  be 
specularly  transparent  even  with  randomly  oriented  grains.  On  the  other  hand, 
for  anisotropic  crystal  aggregates  having  a randomly  oriented  grain  structures,  the 
transparency  is  decreased  with  increasing  birefringence,  decreasing  grain  size 
and  with  increasing  window  thickness. 


It  should  be  noted,  however,  that  the  use  of  single  crystal  growth  techniques, 
or  process  methods  for  controlling  crystal  orientation  eliminate  or  greatly  reduce 
scattering  problems  in  anisotropic  crystals,  A qualitative  guide  for  ranking  bire- 
fringence (2)  is  given  below; 


Birefringence  Scale 


Description 

Assumed  Value 

Very  weak 

0.002 

Low  or  weak 

0.006 

Moderate 

0.014 

Rather  strong 

0.023 

Strong 

0.032 

Very  strong 

0.045 

Extreme 

> 0.050 

In  addition  to  intrinsic  scattering  effects,  other  extrinsic  factors  known  to  contribute 
to  scattering  (even  in  isotropic  materials)  include: 


(i) 

(11) 

(111) 

(Iv) 

(V) 


residual  strain!  isotropic  crystals  in  a state  of  strain  acquire  (to  some 


i 


porosity 
microcracks 

grain  boundary  separations 
second  phases  of  differing 
index  of  refraction 


extent)  optical  properties  of  anisotropic  crystals 


index  of  refraction  mismatching  at 
Interfaces  results  in  radomwalk 
Fresnel  reflection  effects 


These  latter  defects  (i.e. , ii-v)  must  be  eliminated  or  controlled  to  the  extent  that 
their  size  is  small  compared  to  the  wavelength  of  radiation  being  transmitted. 
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Transmittance  Band-Pass 


As  discussed  in  Section  2.  2,  the  crystal  chemistry  factors  which  define  the 
useful  window  bandpass  have  been  extensively  reviewed.  It  has  been  pointed  out 
that  the  shape  and  position  of  the  optical  and  vibrational  boundaries  (Figure  6)  are 
temperature  dependent  generally  causing  a shortening  of  the  window's  bandpass 
as  temperature  increases.  High  temperatures  also  tend  to  ionize  defect  centers, 
Increase  free  carrier  concentrations  and  generally  raise  the  absorption  background 
in  the  extrinsic  region.  A secondary  factor  which  wlU  be  important  at  higher  use 
temperatures  is  the  window  self -emission  problem.  The  infrared  transmittance 
cut-off  ideally  should  be  located  in  the  far  infrared  (approaching  lOyuni  for  oxides) 
to  minimize  the  effect  of  window  emittance. 

A brief  perusal  of  transmittance  cut-off  data  in  Tables  2-3,  2-4,  and  2-5 
for  single  and  mixed  oxides  indicates  that  transmittance  windows  for  oxides  generally 
extend  from  4.0  microns  to  9.  5 microns.  System  requirements  for  infrared  homing 
missiles  appear  to  be  requiring  at  least  5. 0 micron  cut-off.  It  Is  unfortunate  that 
such  a requirement  has  evolved  since,  from  a materials  viewpoint,  silicate-based 
materials,  which  have  cut-offs  in  the  4 to  5 um  range,  present  many  opportunities 
for  low  thermal  expansion  and  hardness  levels  superior  to  state-of-the-art  materials 
(Table  2-3).  As  will  be  discussed  in  a subsequent  section,  possibilities  exist  in 
the  isolated  tetrahedra-type  silicates  for  nearly  meeting  the  5 micron  cut-off  require- 
ment. Thus,  it  is  desirable  to  further  investigate  the  potential  for  achieving  slight 
shifts  (0.2-0. 5 um)  in  the  infrared  cut-off  (i.e.  , reducing  the  absorption  coefficient 
at  5.0  microns)  through  partial  substitutlan  of  heavier  cations.  Of  course,  such 
substitutions  must  not  significantly  degrade  the  primary  favorable  property  of 
selected  silicates,  viz.  their  low  intrinsic  thermal  expansion. 

2.4  Thermo-Structural  Factors 

Thermal  Stress  Resistance 

With  regard  to  resistance  to  thermal  stress,  there  is  no  question  regarding 
the  desirability  for  low  thermal  expansion.  The  question  remains,  "how  low?.  " 
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TABLE  2-3:  State-of-the- 


. (Oq  1312  1242  (softening  pt. ) 981  (softening  pt.) 


1 


2040  2135  2853  3400  - 735  (.\nneal  pt.) 

(dissoc.) 
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TABLE  2-5:  DARPA  Optical  Ceramic  Mixed  Oxides  W 


M 


MATERIAL 


^hase  1 candidates 


jtical  Behavior 


o Crystal  Structure 
o Index  of  Refraction 

o Birefringence,  -^in 

o Infrared  Transmittance 

- cut-off  ujn 

- absorption  coeff.  @5 

(cm-1)  ' 

Thermal  Stress  Resistance 


2ZnO,  GeOg  Th02.Ge02  3CaO.  5AI2O3 
Category  I 


Hexagonal  Tetragonal  Orthorhombic 


Low  Aggregate  Expansion 
(and  other  posslb] 
Hf02.  WO3.  Ta20^  "x'-Tag 


1.769, 

1.802 

0.033 


1.635 


0.035 


6.5  (est.) 


o Thermal  Expan.  Coeff.  (V°C)  2.3x10-6  3.2x10-6  2-4x10-6 

o Young's  Modulus  (psi) 


Erosion  Resistance 


o Hardness  (Moh) 
(Knoop) 

Chemical 
o Density  (g/cc) 
o Melting  Pt.  (°C) 


I' 

fLE  2-5:  DARPA  Optical  Ceramic  Mixed  Oxides  Which  are  Potential  Candidates 


TABLE  2-5:  DARPA  Optical  Ceramic  Mixed  Oxide* 


MATERIAL 

Optical  Behavior 

o Crystal  Structure 

o Index  of  Refraction 
(n^.ne  or  nz,  n^) 

o Birefringence,  An 

o Infrared  Transmittance 

- cut-off  ^m) 

- absorption  coeff. 

@ 5^m  (cm"^) 

Thermal  Stress  Resistance 

o Thermal  Expan.  Coeff. 
(1/oC) 

o Young's  Modulus  (psl) 

Erosion  Resistance 

o Hardness  (Moh) 

(Knoop) 

Chemical 
o Density  (g/cc) 
o Melting  Pt.  (®C) 


CaO.  CuO.  4Si02 

Silicates  Requiring  Tuning  to  Sh 
(Pollucite) 

SrO.  CuO.  4SiOp  Cs2O.Al2O3.4SiC 

lift  cut-ofnr.  2 - 0.  .5 
(Eucrj’ptite) 

Ig  Li20.  AI2OJJ.  SiOg 

tjm  to  5 qm 

(Zircon)  (Willimite) 

(Zr,Hf)02.Si02  2Zn0.Si02 

X 

X 

X 

(Layers  of 

(Layers  of 

(Frameworks  of 

(Frameworks  of 

(Isolated  Tetra- 

(Isolated 

Tetrahedra 

Tetrahedra 

Tetrahedra 

Tetrahedra 

hcdra)  Tetra 

Tetraliedra 

Tetragonal) 

Tetragonal) 

Cubic) 

Hexagonal  (A  ) 

gonal  (Zr) 

Hexagonal) 

1.  635, 

1.  53 

1.  573. 

1.92, 

1, 695, 

1.  605 

1.  083 

1.96  (Zr) 

1.715 

0.030 

0 

0.010 

0.040 

0.020 

4.8-5.  1 (est.) 

4.8-5.  1 (est.) 

4.  5 (est. ) 

4.  3 (est.) 

4.  8-5.0  (Zr) 

5.0 

3.3  X 10"® 

2.8  X lO'® 

2.0  X 10"® 

9.0  X 10‘® 

3.8-4.0x10"® 

3.0x10"® 

3.0x10® 

7.5(Zr) 

5.5 

3.04 

2.  94 

4.66(Zr) 

4.24 

I 


r 


ted  Oxides  Which  are  Potential  Candidates  (continued) 


ite)  (Topaz) 

32  Al2(F,01I)2Si04 

(Mullite) 
3A120.  28102 

(Spodumene) 

Li20.  Al203.4Si02 

(Cordierite) 

2Mg0.2Al203.5Si02 

Silicates  Requiring  Tuning 
to  Shift  Cut-Off 

1 um  to  5 um 

Non-silicates  Requiring 
Tuning  to  Shift  Cut-Off 

1 um  to  5 um 

2Zr02-  P2O5 

X 

X 

3Be0.Al203.6Sl02 

1 (Isolated  Tetra- 

Ira  hedra  Orthar- 
al)  hombic) 

, 1.618, 

1.607 

Single  Chain 
of  Tetrahedra 
Orthorhombic 
1.654, 
1.642 

Single  Chain  of 
Tetrahedra 
Tetragonal  (^) 
1.516, 

1.522 

(Rings  of  Tetrahedra) 
Orthorhombic) 

1.52,  1.53 

(Rings  of  Tetrahedra) 
Hexagonal 

1.  568,  1.  564 

Cubic 

1.657 

0.011  . 

0.012 

0.006 

0.010 

0.004 

0 

5.0 

4.8 

4.  5 

5.0 

4.0 

4.0 

B 6.  67x10'® (0-400°)  5.6x10  ® 

1.  OxlO'® 

2.0  X 10'® 

1 

0.8x10-6 

1.0x10-® 

32x106 

8.0 

1750(100g) 

6.7 

7 - 7.  5 

7,5  - 8.0 

3.57 

3.  16 

3-3.2 

2.60 

2.7  - 2.9 

1880 

1380 

1471 

1420 

1700  (Dissoc.) 
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An  initial  criterion  has  been  established  for  selecting  Phase  1 candidate  systems 
from  Table  2-5,  viz. , the  thermal  expansion  coefficient  should  be  approximately 
one  half  that  of  candidate  oxides  currently  under  advanced  development  by  DoD 
(i.e.  , AI2O3:  ~ 7.7  X 10-6 /OC;  Mg0-Al203:  ^ 7.6  x 10-6/oc. 


With  regard  to  Young's  moduli  and  Its  intimate  relationship  to  strength 
potential  and  hardness  (as  well  as  the  development  of  thermal  stress,  i. e.  , Ecd^T), 
no  criterion  has  been  established  at  this  time.  Once,  the  appropriate  system  or 
systems  are  Identified,  based  upon  meeting  minimum  optical,  thermal  expansion, 
and  hardness  criteria,  many  opportunities  exist  for  optimization  of  mechanical 


properties. 

Erosion  Resistance 

Correlations  by  Evans  have  established  the  importance  of  hardness  and 
fracture  toughness  in  determining  a brittle  materials  resistance  to  erosion.  Little 
data  exists  regarding  the  intrinsic  hardness  of  oxides  since  the  motivation  for  achieving 
theoretical  x-ray  density  has  previously  not  existed.  Fortunately  in  some  instances 


candidates  were  found  which  were  naturally  occurring  minerals  where  some  data  on 
hardness  existed  (defined  in  terms  of  the  Moh  scale).  It  should  be  noted  that  hardness 


of  a material  may  be  determined  by  its  ability  to  abrade  or  indent  one  another.  Two 


scales  of  hardness  are  used:  the  Moh  scale,  which  rates  materials  according  to  their 
ability  to  scratch  one  another,  and  the  Knoop  scale  (or  Vicker's),  which  is  based 
on  the  extent  to  which  a diamond  point  is  pressed  into  a material  with  a known  force. 
Listed  below  is  a table  of  minerals  illustrating  a correlation  between  the  Moh  and 


Knoop  scales: 

Material 


Moh 


Knoop  (kg/mm^) 


Ciypsum  2 

Calclte  3 

Fluorite  4 

Apatite  5 

Orthoclase  6 

Quartz  7 

Topaz  8 

Conmdum  9 

Diamond  10 


32 

135 

163 

430 

560 

820 

1340 

1800 

7000 
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Since  there  is  a captive-flight  erosion  problem  with  MgF,,  whose  hardness  is 
5-6  Mho,  or  415-576  kg/mm^,  candidates  must  exhibit  at  least  improvements 
in  hardness  over  this  state-of-the-art  material.  Also,  if  one  establishes 
criteria  based  upon  advanced  materials  under  development  within  DoD  such  as 
sapphire  (AI2O3)  and  spinel  (MgO*Al203)  then  the  following  data  must  be  matched 
or  exceeded 

AI2O3:  9.0  Mho,  1600-200  kg/mm2 

MgO*Al203:  8.0  Mho,  1230-1500  kg/mm“ 

by  DARPA  candidates.  For  many  mixed-oxide  candidates,  this  data  is  not  available 
and  must  be  generated  early  in  Phase  1 to  insure  achievement  of  meaningful  goals. 

It  should  be  noted  that  fracture  toughness  is  also  of  importance  in  the  final  judgement 
of  impact  resistance  as  defined  in  the  Evans  correlations  for  brittle  materials. 

The  issue  of  fracture  toughness  and  erosion  resistance  are  discussed  at  greater 
length  in  Section  4. 

Chemical  Stability 

Candidates  obviously  must  be  able  to  withstand  ground  and  flight  environments. 
For  the  infrared  homing  missile,  operational  environments  up  to  1000°C  in  an 
oxidizing  environment  are  anticipated  for  relatively  short  times.  Hygroscopic 
tendencies  must  be  avoided  in  selecting  candidates.  Some  insights  into  selection  of 
materials  in  this  regard  have  already  been  discussed  in  terms  of  screening  criteria 
based  upon  the  electronic  structure  of  cations  (see  Section  2,  2.2).  Solid-state 
chemical  stability  criteria  will  be  used  extensively  during  Phase  1 to  guide  against 
unwise  choices  in  this  regard. 
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SECTION  3 


MATERIALS  SELECTIONS 


SFC'TION  U 
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MATKHIALS  SK1-F(’T10NS 

1 l.ow  Thermal  Fxpansion  Oxides 

Some  idt'.'i  of  which  oxides  nii^ht  be  suitabh'  can  la*  ol)tain«'d  from 

tht'  calculations  of  Minko  el  al^'V  rhc'v  show  that  lh«'  Si-(i  bond  is  the  om- 

with  the  lowt'sl  thermal  expansion  coefficient  of  all.  I'he  next  in  line  are 

ri-(i,  V-O,  and  Nb-O  bonds  'I'he  hifjhest  expansion  bonds  ar(*  those  of  Li-O 

and  na-(X  We  note  that  the  Si-()  bond  is  a directed,  eovab'iit  bond  whiU- 

those  of  Fi-O  and  lla-C)  are  ionic.  One  requires  covalent  bonds  to  olitain 

low  thermal  e.xpansion  coefficients  I'he  Iherm.al  expansion  of  the  framework 

(2) 

silicates  indicates  what  possibilities  exist  with  r('speet  to  low  expansion 
coefficients. 

Silicates  are  structure's  whose  basic  l)UildinK  bloc'k  is  the  SiO^ 

tetrahedron.  The  silica  tetrahedra  c:m  be  polymerized  by  sharing  corners 

with  adjacent  le'trahedra.  Structures  vary  from  the  orthosilicales  (O  Si  = t) 

where  no  corners  ar'c  shared  throufth  structures  made  of  (Sit)  ) infinite 

4 n 

chains  with  two  out  of  four  corners  shared  (t)  Si  :i)  and  sheet  structures 

(O  ^Si  2,  f))  to  three-dimensional  frameworks  in  which  all  corners  are 

shared  and  the  Si(^  tetrahedra  are  completely  cross-linked  (O/Si  2).  (if 
4 

the  structures  considered  in  this  report,  mullite,  zircon,  olivin*',  and 

willemite  ar»'  orthosilicales,  cordierile  is  a rinp  silicate  (of  sorts)  and 

polluclte  Is  a three-dimensional  framework  silicate. 

The  infrared  cut-off  of  anhydrous  silicate  structurt's  is  determined 

by  the  stretchinn  modes  of  the  SIO  tetrahedra  These  frequencies  are 

_1  ■* 

lowest,  H.'>0  to  5)0.')  cm  in  the  orthosilicales.  I'hey  incre.is*'  with  the  d('nr«'e 
of  silicate  polymerization  reaching  values  of  nr>0  to  1200  cm  * in  the 
framework  silicates  (of  which  quartz  is  an  importimt  example).  Sub.stitution 
of  aluminum  to  form  the  aluminosilicate  structures  ^‘'ncrally  introduces  new 
infrared  bands  at  lower  frequencies  but  has  only  a perturbing  effect  on  the 
Si-O  absorption  bands 


I 


In  fully- expanded  framework  silicates,  the  thermal  expansion  coefficient 

approaches  that  of  fused  quartz.  The  total  expansion  is  a combination  of 

rotation  of  SiO  tetrahedra  and  Si-O  bond  expansion.  When  the  temperature  is 
4 

sufficiently  high  or  the  framework  is  sufficiently  expanded  the  tetrahedra  no 

longer  rotate  and  one  obtains  expansion  coefficients  characteristic  of  the  Si-O 

bonds.  In  beta-cristoballte^^^  at  high  temperatures  above  700°K  and  up  to  the 

melting  point  the  linear  expansion  coefficient  is  ^ = +1.75  x 10  Vc.  For 
(2) 

quartz  the  high  temperature  expansion  is  even  negative.  Thus  one  seeks  to 

find  framework  silicates  that  are  fully- expanded,  stable  to  high  temperatures, 

and  not  so  open  in  structure  that  they  absorb  moisture  and  gases  as  do  the 

zeolites.  The  three  best  candidates  for  these  specifications  are; 

Cordierite:  A1  Mg„Si_A10,„ 

3^5  io 

Beryl: 

Scandium  beryl:  Be„Sc  Si  O 

o Z o lo 

(4-9) 

The  directional  thermal  expansion  of  beryl  has  been  measured  as 

well  as  the  average  thermal  expansion  of  ceramic  beryl^^^^  The  average 

expansion  of  cordierite  ceramics  has  also  been  measured  . No  expansion 

(15) 

data  on  scandium  beryl'  are  known.  There  is  some  variation  in  the  expan- 

(6.8) 

sion  of  beryl  depending  on  its  composition  ; representative  values  are  shown 
in  Figures  10  and  ii.  Figure  il  shows  how  these  two  materials  compare  with 
betacristobalite.  Beryl  and  cordierite  have  essentially  the  same  crystal 
structure'  ' and  can  be  classed  as  either  ring  or  framework  silicates.  Note 
that,  although  the  thermal  expansion  coefficient  of  beryl  is  anisotropic  because 
the  crystal  structure  is  anisotropic,  the  magnitude  of  the  anistropy,  in  Figure 
lO^i.e. , small.  One  has  approximately  ^ ^-^^^=2x10  ®/°K.  A 

small  anisotropy  in  ^ is  needed  if  a good  ceramic  body  is  to  be  made  from 
the  compound.  The  upper  limit  on  a tolerable  anistropy  depends  on  the  ceramic 
grain  size^^'^\  but  a maximum  value  of  = 3x10  ^/°K  seems  desirable.  It  is 
important  to  notice  that  this  anisotropy  limit  rules  out  many  other  materials 
which  have  low  average^  values  but  large  anisotropies Such  materials 
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FIGURE  10.  Thermal  Expansion  Coefficients  of  Beryl  and  Cordierite 


FIGURE  10.  Thermal  Expansion  Coefficients  of  Beryl  and  Cordierite 


are  A1  TiO  , Sc  TiO  ,oC-SiO  , LiAlSiO  , MgTiO  , and  LiNbO  High  anietropies 
^ ^ (W  20  ^1)  2 4 3 3 

are  also  found'  ’ ’ in  CaMgSi  O , (diopside),  LiAlSi  O (fl  spodumene), 

2 o 2 6 • 

CaAl^Si^Og  (anorthite).  The  existence  of  a tightly-bonded,  three-dimensional 
framework  is  needed  to  obtain  small  anisotropy;  these  latter  materials  do  not 
possess  this  characteristic. 

The  framework  silicates  with  low  thermal  expansion  do,  however,  possess 

some  characteristics  that  may  limit  their  usefulness.  Both  beryl  and  cordierite 

(22) 

decompose  into  their  constituent  oxides  before  they  melt.  Beryl  decomposes'  ' 

at  1750°K  while  cordierite  decomposes^ at  1720°K.  The  open  nature  of  the 

framework  which  leads  to  low  thermal  expansion  also  leads  to  lattice  instability 

and  destruction  at  relatively  low  temperatures.  This  crystal  decomposition 

appears  to  be  a common  though  not  universal  characteristic  of  low  expansion 

materials.  Furthermore  these  oxides  with  low  thermal  expansion  and  complex 

crystal  structures  have  low  values  of  thermal  conductivity.  For  beryl  the 

average  thermal  conductivity^  ’ 'at  room  temperature  is  about  0.  045  v/att/cm 

degrees  while  for  cordierite  it  is  0.027  watt/cm  degrees.  These  thermal 

conductivity  values  are  about  1%  of  those  of  Beci^^\  So  in  order  to  obtain  a 

factor  of  4 lower  thermal  expansion  coefficient  at  1000°K  compared  to  that  of 
(27) 

BeO  , one  must  tolerate  a thermal  conductivity  that  is  lower  by  a factor  of 
100.  This  trade-off  may  be  useful  in  providing  good  thermal  shock  resistance 
at  very  high  heat  input  rates,  but  may  not  be  useful  at  low  input  rates.  Testing 
will  have  to  be  done  under  operating  conditions  in  order  to  ascertain  the  appro- 
priate balance  between  these  two  factors. 

These  beryl  based  materials  will  be  transparent  only  in  UV,  VIS,  IRl, 
and  RADAR  ranges;  they  will  be  opaque  in  IR2,  IR3,  and  rR4. 

3 .2  Moderate  Thermal  Expansion  Oxides 

In  order  to  find  oxides  that  can  operate  up  to  1773°K  it  will,  in  general, 
be  necessary  to  use  those  with  higher  thermal  expansion  coefficients.  Table 
3-1  lists  some  candidate  materials  with  their  average  thermal  expansion 
coefficients, , at  1000°K,  the  maximum  anisotropy  in  expansion,  , and 
their  decomposition  or  melting  temperatures.  In  the  thermal  expansion 
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TABLE  3-1.  Properties  at  lOOO^K  of  Some  Oxides;  Low,  Intermediate 
and  High  Thermal  Expansion  Coefficient 


Mho 

Hardness 

Material 

Max. Temp. 
“K 

B 

10"‘/°K 

6.  S 

8 -Cr istobalite 

1970-M 

1.8 

0 

C 

7.7 

BejAljSioOia 

1750-D 

2.5 

1.5 

H 

6.5 

AlPO.* 

4 

2300-M 

2.9 

0 

C 

28 

'v6 

AlNbO^ 

1800-D 

2.9 

7 

M 

29,10 

0,5 

Zn2GeO^ 

1760-M 

3.4 

0.5 

R 

7.5 

HfSiO^ 

4 

2020-D 

3.8 

2.0 

T 

18,30,31 

5.5 

Zn^SiO. 

2 4 

1790-M 

4.0 

0.8 

R 

31 

7.5 

ZrSiO. 

4 

1950-D 

4.1 

1.5 

T 

18,37 

0,8 

B^Ai^gOaa 

2220-D 

4.7 

7 

O 

31 

0,6 

AlTaP^ 

4 

1950-M 

5.3 

7 

M 

29 

6.5 

AloSijOiB 

2200-M 

5.5 

2.2 

O 

31 .32 

7.0 

BAl^SijOj^g 

1800-D 

7 

7 

0 

7 

HfGeO 

4 

J 

5.6 

2.9 

T 

10 

7 

ThSiO . 

2250-M 

6.2 

7 

T 

31 

0-6 

MgTajOg 

2040-M 

6.5 

7 

T 

29 

7.7 

BejSiO^ 

1830-D 

7.2 

0.8 

R 

31,33 

00 

BeAl204 

2140-M 

7.4 

0.9 

0 

31,33,34 

o 

oo 

MgAl20^ 

2400-M 

10 

0 

c 

31,36,38 

6.5 

Mg2SiO^ 

2160-M 

12 

7 

0 

31 

*J  .0 

2323-M 

9.0 

0.9 

i 

39 

6.5 

Th02 

3490-M 

8.7 

0 

! c 

39 

9.0 

BeO 

2350-X 

10.6 

1.1 

H 

40 

6.0 

MgO 

3070-M 

14.3 

0 

C 

31 

Column  1 *Cr istobalite  structure 

Column  2 M=melting,  D«decomposition , X=structure  change 

Column  5 C»cubic,  H=hexagonal,  M=monoclinic,  O=orthorhombic , T=tctragonal 
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coefficient  rjinge  of  3 to  6x10  there  are  a number  of  possible  candidates 

for  temperatures  in  the  high  nmge  up  to  1773°K.  The  materials  like 

Zn  C’u'O  and  Zn  SiO  will  not  t)perate  well  near  1700^K  because  of  low  melting 
2 4 2 4 

points  :md  ZnO  evaporation.  They  should  be  restricted  to  the  moderate 
temperature  range  up  to  1273*'k.  None  of  these  intermediate  exp:msion 
materials  will  operate  in  the  very  high  temperature  range  to  2273°K.  Many 
decompose  into  simpler  oxides  before  they  melt.  For  2273^^K  one  has  to  rely, 
at  best,  on  the  simple  oxides  such  asot-Al^O^,  ThO^,  BeO,  or  MgO  as  shown 
in  Table  3-1. 

The  regions  of  useful  infrared  transparency  in  these  binary  oxides  will 
be  determined  by  the  high-wavenumber  edge  of  the  Reststrahlen  band  This  will 
be  governed  by  the  Si-O,  Be-O,  Ge-O,  or  Al-O,  vibrations  and  the  correspond- 
ing photon  energies.  For  these  four  the  respective  cut-off  energies  are 
approximately  3600  cm  2600  cm  \ 2300  cm  ;ind  1900  cm  ^ Thus,  some 
of  these  moderate  e.xpansion  materials  will  be  useful  in  the  Un  :md  llt2  ranges 
as  well  as  in  the  radar,  VIS  and  UV  ranges.  None  of  them  will  operate  in  IR3  or 
IR4  rimges. 

The  hardest  materials  in  this  group  is  chrvsobervl,  Be.M  O , with  a 

2.  *4 

Mho's  hardness  of  8.5;  while  the  lowest  is  germanium  willcmite,  Zn^^tleO^  at 

about  5.  The  low  thermal  expimsion  materials  tend  to  be  softer  than  the  high 

expansion  ones.  In  terms  of  environmental  toughness,  Zn  GeO  appears  to  be  t<H) 

J 4 

soft  and  would  be  of  value  only  if  its  optical  properties  are  particularly  useful. 

It  would  seem  that  the  better  choices  from  the  central  s<'ction  of  Tablt'  3-1  are 
probably: 


Fir  St.- 

HfSiO,,  ZrSiO, 

4 4 

Second: 

Third: 

A1  Si„0,.  and  the  related  BA  11 

6 2 13  7 

(mullite  :uid  dumortierite) 

3 18 

Fourth: 

AlNbO,  and  AlTaO,  (simpsonite 
4 4 

group) 

The  hafnium-zircon  group  is  placed  first  because  of  the  low  expansion, 
high  decomposition  temperatures,  high  hardness.  :md  the  availability  of  a 
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considerable  amount  of  ceramic  experience  with  these  compounds.  The  second 

choice,  O , might  rtuik  first  if  the  thermal  expansion  anisotropy  were 

4 18  33 

known.  The  chemistry  will  be  much  like  that  of  the  well  known -A1,0 

Mullite  is  placed  third  because  of  the  higher  values  of  ^ than  the  first  and 

second  choices.  The  low  expansion  AlNbO  is  very  interesting  if  the  available 

4 

e.xpansion  data  are  indeed  correct.  However,  the  expansion  anisotropy  and 

chemistry  are  poorly  known.  There  may  be  considerable  problems  with  keep- 

+5 

ing  all  of  the  niobium  in  the  Nb  state.  This  high  charge  state  will  be  needed 

to  ensure  high  electrical  resistivity  and  good  optical  tr:uisparency. 

The  four  choices  from  HfSiO  to  AlTaO  will  be  transparent  in  the  UV, 

4 4 

VIS,  IRl  and  RADAK  ranges.  The  ones  without  Si  will  orobably  also  operate  in 
1R2.  None  will  be  transparent  in  IRS  and  IR4. 

The  following  section  discusses  mixed  o.xides  which  will  perform  in  the 
IR2  (3-5.5  fi  m)  band-pass. 

3. 3 Mixed  Oxide  Candidates  For  1R2  (3-5.5yam)  ! 

Category  I - Non- Silicates  With  Intrinsic  Low  E.xpansion  1 

^ 4.  0x10"^  c and  IR  Cut-offs  Beyond  5 Microns  | 

Three  (3)  mixed  oxides  have  been  identified  in  Category  I,  viz.,:  j 

(i)  2ZnOGcO  ! 

2 

(ii)  GeO^  ; 

(iii)  3CaO-  5A1  O I 

2 3 j 

1 

A brief  review  of  known  properties  for  each  svstem  is  given  below.  j 

! 

a.  The  System  SZnO  GeO,,  ] 

r I 

Axial  and  aggregate  thermal  expansion  measurements  on  zinc  i 

(41)  j 

germanate  have  been  made  by  Wen,  Brown,  ;md  Hummel  Figure  12 

shows  both  sets  of  data  over  the  temperature  range  from  2o”c  to  lOOO^C. 

Computed  average  coefficients  of  expansion  are  listed  below; 

A (’A- 

0.4x10"^ 

1. 21x10'® 

1 .34x1  O' 

2.  56x10-^’ 

' 
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Temp  (°C) 

310 

583 

688 

1030 


% Expansion 


1 


FIGURE  12.  Comparison  of  Axial  and  Dilatometric  Thermal  Expansion 

4 1 

Behavior  of  Zinc  German;ite(2ZnO-  GcO^) 

Infrared  absorbance  data  obtained  from  transmittance  measurements  of 

dilute  2ZnO  GeO^/KCl  pellets,  (shown  in  F'igure  13),  indicate  that  the 

infrared  cut-off  of  theoretically  dense  material  will  occur  at  5.  5 microns. 

Intrinsic  transmittance  levels  after  surface  reflection  losses  will  be  about 

84  percent.  Application  of  a rear  surface  antireflection  coating  would 

increase  transmittance  to  about  92  percent.  Critical  property  data  not 

available  for  zinc  germanate  include  hardness  and  Young's  modulus.  Also, 

the  effect  of  a rather  strong  birefringence  factor  on  scattering  in  a 

polycrystalline  aggregate  form  must  be  assessed  during  Phase  1. 

b.  The  System  ThO  GeO 
2 2 

The  axial  thermal  expansion  coefficients  of  thorium  germanate  have 
(42) 

been  determined  by  Bayer  and  are  given  below; 


-44- 


Absorbance  Trough  Boundary. 


"a"  direction  2.3x10  ^/°C  {20-1020°C) 

-6  ,o 

"c"  direction  5 0x10  / C ( " ) 

Based  on  these  data  the  aggregate  thermal  expansion  coefficient  is  predicted 
to  be  3.2x10  Infrared  absorbance  data  by  Tarte^^^^  on  this  compound 

indicate  that  its  infrared  cut-off  will  be  approximately  6.3  microns. 

Critical  property  data  not  available  include  its  birefringence,  hardness,  and 
Young's  modulus. 

c.  The  System  3Ca0-5A1^0^ 

The  low  expansion  behavior  of  the  3CaO-5Al  O , first  reported  by 
. , 2 3 

Rigby  :md  Green  ^ , and  recently,  by  Rice  as  a 5 micron  window  candidate(45) , 

warrants  further  study  as  a Phase  1 mixed  oxide  candidate.  In  the  (100-500°C) 
range  its  thermal  expansion  coefficient  is  1,2x10  increasing  to 

4.0x10  ^ in  the  (100- 1000° C)  range.  Aluminate  mixed-oxides  have  trans- 
mittance cut-offs  beyond  6.0  microns.  The  intrinsic  tnmsmittance  of  this 
compound,  having  an  index  of  refraction  of  1.64,  is  approximately  88  percent 
in  its  optimum  bandpass. 

Category  II  - Non  Silicates  With  Ultra-Low  Expansion 
and  IR  Cut-Offs  Beyond  5 Microns 

Recent  surveys,  by  Holcombe^^^^  and  Skaggs  to  identify  zero  and 

low  thermal  e.xpansion  polycrystalline  mixed  oxides,  have  led  to  the  synthesis 

luid  characterization  of  several  new  refractory  tantalates,  tungstates,  titanates, 

and  niobates.  In  Holcomb'e  recent  detailed  study^^^^  of  tantalum  tungstates,  a 

model  not  based  upon  microcracking  has  been  proposed  for  explaining  low 

thermal  expansion  in  this  particular  system  In  this  work,  it  has  been 

hypothesized  that  the  grain  size  of  sintered  and  hot  pressed  specimens  were 

below  a critical  value  for  forming  microcracks.  In  this  regard,  the  research 
(49) 

of  Kyszyk  and  Bradt  on  the  highly  anisotropic  MgO- 2Ti02  system  tends  to 
partly  confirm  Holcombe's  contention.  In  this  work  the  authors  found  no 
evidence  of  microcracking  when  the  grain  size  was  smaller  than  3 microns. 

The  possibility  of  forming  theoretically-dense  polycrystalline 
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aggregates  of  crystals  exhibiting  significant  thermal  expansion  anistropy  is 
particularly  interesting  with  these  systems  since  both  the  cut-off  and 
thermal  stress  requirements  would  be  unquestionably  satisfied  for  the  most 
demanding  infrared  homing  missile  systems. 

During  Phase  1,  the  following  four  systems  (Table  2-5)  should  be 
further  studied  to  identify  a model  system  to  perform  fine-diameter  powder 
s3mthesis  and  consolidation  studies: 

(i)  HfO^-WO^.Ta^Og 

(ii)  X Ta^O^-yWO^ 

(iii)  X HfO^-yTiO^ 

(iv)  X HfO^-yNb^Og 

In  addition,  selected  rare  earth  niobates  and  tantalates  should  be  considered  . 

As  with  other  Phase  1 systems,  screening  data  on  birefringence  and  hardness 
should  be  obtained  early  in  the  program  and  ranked  against  other  potential 
candidates.  In  addition,  screening  data  should  include  an  assessment  of  resi- 
dual strains  (not  relieved  by  microcracking)  which  could  introduce  scattering 
due  to  strain  induced  birefringence. 

-6/0 

Category  HI  - Silicates  With  Low  Expansion  ( < 5.6x10  / C) 

and  IR  Cut-Offs  Near  5 Microns 

a.  Silicate  With  Isolated  Tetrahedra  Structures 

(aO) 

A review  of  infrared  absorption  spectra  of  silicate  minerals  by  Launer 

has  established  a correlation  between  wavelength  ranges  for  strong  infrared 

absorption  and  silicon-oxygen  groups.  Figure  14  summarizes  the  results  of  this 

study;  regions  of  strong  bands  are  shown  by  a horizontal  line  to  the  left  of  each 

group.  As  the  Si:0  ratio  progresses  from  0.50  in  silica  to  0.25  in  the  isolated 

SiO  tetrahedra,  the  region  of  strong  absorption  shifts  to  longer  wavelengths, 

4 

and  the  wavelength  ranges  tend  to  expand.  Since  the  infrared  transmittance 
cut-off  is  approximately  one  half  the  wavelength  which  bounds  the  short  wave- 
length side  of  the  absorbance  spectra,  isolated-tetrahedra  silicates  offered  the 
potential  for  nearly  meeting  the  5 micron  cut-off  requirement.  A further 
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FIGURE  14.  Wavelength  Ranges  of  Strong  Infrared  Absorption  Bands 
of  Silicon- Oxygen  Groiqjs.  (Ref.  50) 
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iiU't'sUn'iUit'M  of  silii'iitt's  with  an  isdlaliai  t»'lrah<‘<lra  slctu‘liir<‘  (iir-<’<' 

systems  (tlu'r»'  ai'e  pn'bably  moft’  to  bt*  Idi'iitifit'di  whlcli  ha<l  l•^>latlv^'ly  low 
tlu'rmal  expansion,  moiU'rate  to  ht^;h  haiahu'ss.  ami  whieh  w«>re  naturally 
«)eenrrinn  in  nem  iiiiality.  It  was  also  hyp«>thesi/.eil  at  this  Iim<’,  lhal 
possibb'  partial  substitutioi\s  of  ht>avi»'r  rations  eoiibl  enable  sliuhl  (but  neees- 
saryl  shifts  in  the  ent-off  to  oeeiir  without  ativersely  i-ffeelinj;  (or  possibly 
improving)  other  desireti  properties. 

•As  listed  in  Table  2*5  tlu'  syslt'ins  fouml  were; 

(il  .■\l_^(l',tdn,,Sit)^  (Topa/) 

(ib  /rt\,  Sit)_^  or  '/rSil'^  (/.iiaa>n) 

(iib  2/.nt)  SiO_j  or  '/n.jSil)|  (\Villemit<') 

l■'i^tur«■s  l.A  throu^ch  T’l  show  both  the  speeular  transmiltaiu-e  and  refleet;inee 

of  eaeh  systtuu.  The  naturally  oeeurriny.  mineral  speeimens  were  obtaineil  from 

the  Philadeliihia  .Aeademy  of  N.itural  Si  ieiu-esb’ * > and  provhh'd  an  opportiinily 

to  obtain  ai'lual  s|H'eular  transmillanee  and  |•^'fleetion  data  on  tiu'oretleally 

tli'iisi'  forms.  It  should  b«'  i\ott'd  that  a substantial  effoid  is  normally  invt'Ut'd 

in  develoi>ed  processes  for  synthesi/ inj;  ti'anspar«'nt  I'l'ramii’s  so  th;tt  the 

availability  id  naturallv  oeeiirrinn  minei-.ds  represents  an  expedient  sereenin(; 

eapability.  As  predieted  from  the  infrared  absorlmnee  speetra,  the  infimred 

eut-off  for  this  class  of  silicates  is  lU'ar  microns.  .Also,  it  is  noted  that 

the  short  wavelength  boundary  of  the  refleetanee  speeti’a  approximately  locates 

the  cut  off  boundary  (api)roximatcly  1 '2  the  wavelength  tor  the  onset  ot  the 

Heststrahlen  reflection  bandl  In  the  ease  of  the  willcmitc  crystal,  since  it 

forms  a complete  serie.s  of  .solid  .solution.s  with  7,n.,t.iei> ^ , the  effect  of 

partial  .substitution  I'f  tic  for  t^l  was  brii'fly  explored.  .A  ,'>t):r)0  soliil 

solution  was  synthesized  and  the  shift  in  reflectance  .spectra  measured.  T'ipire 

21  compari's  the  reflectance  .spectra  for  /n,^Si(.l^  (willemitcl  with  the 

7,n  (SiO  (.leO  HI  solid  .solution  Hased  upon  this  data,  a shift  of  approxi- 
2 0.  r>  0 r>  I 

mately  O.-l  microns  should  be  predicted  in  the  infrared  eut-off  of  Zn^^isilt^ 

when  tJu'  Zn  (Si  tie  )(>  .solid  .solution  was  svnthesized  in  transparent 
2 ti . !)  0 . r>  •! 


I 
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FIGURE  15.  Specular  Transmittance  of  AI2  (F,OH)2  SIO4  (Topaz).  Specimen  Thickness  = 0.0427  In. 
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FIGURE  20. Specular  Reflrctance  of  Zn2Si04  (Willemite).  Specimen  Thickness  = O.O'.iH  In. 


\ 

form.  In  this  system,  the  partial  substitution  provides  a slight  benefit  in 

thermal  shock  resistance  (note:  thermal  expansion  coefficient  of 

Zn^(Si  j.Ge  5)0^  is  2.9x10  compared  to  3.0x10  for  Zn^SiO^^^'. 

A similar  shift  in  the  infrared  absorbance  spectra  (which  is  a mirror  image 

of  the  reflectance  spectra)  was  also  found,  as  shown  in  Figure  22.  This 

(43) 

work  confirms  similar  studies  conducted  by  Tarte'  on  the  Zn.,SiO  -Zn  GeO, 

2 4 2 4 

system  as  discussed  earlier. 

The  conclusion  reached  at  this  point  is  that  isolated  tetrahedra  silicates 
such  as  ZrO^-  SiO^  and  2ZnO  • SiO^  (mixed  oxide  designations)  offer  signifiemit 
improvements  in  thermal  shock  resistance  compared  to  sapphire  :md  spinel; 
however,  their  cut-offs  are  marginal.  Partial  substitutions  could  offer 
increases  in  cut-off. 

Of  course,  questions  regarding  birefringence  scattering,  hardness  and 
magnitude  of  thermal  shock  resistimce  improvements  must  be  addressed. 

Other  Types  of  Silicates 

A review  of  other  silicate  structures  uncovered  other  systems  with  low 
thermal  e.xpansion  but  with  varying  degrees  of  potential  for  satisfying  the  5 
micron  cut-off  requirement.  Some  candidates  are  listed  below: 


Type  Tetrahedra 

System 

Crystal 

Structure 

Layer 

SrO-CuO-4SiO,^ 

Tetragonal 

Framework 

Cs20.Al2034Sr02 

Cubic 

Single  Chain  ( 

( 

3Al203.2Si02 

Orthorhombic 

1 

( 

Li 20- A1 203.4^02 

Tetragon:il 

Ring 

2MgO-  2A1  0 •5SiO 

Orthorhombic 

Addltiomil  property  data  is  listed  in  Table  2-5.  Transmittance  spectra  illus- 
trating the  cut-off  characteristics  of  natur:illy-occurring  mineral  forms  are 
given  in  the  following  illustrations: 

Figure  23  : Pollucite  (Cs^O- Al20^-4Si02) 

Figure  24  : Spodumene  (Li^^O- Al^O^- 4Si02) 

Figure  25  : Cordierite  (2MgO- 2Al20^- 5SiO^) 
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FIGURE  24:  Speculai- Transmittance  of  Li20.  Al„()  , 48109  (Spodumene).  Thickness  = 0.0335  In 


;ters 


Also  shown  in  Figure  26  is  the  transmittance  spectra  for  synthetic  mullite 

(52) 

prepared  by  Mazdiyasni'  of  AFML. 

In  addition  to  the  isolated  tetrahedra  silicates,  it  should  be  fruitful  to 

explore  the  feasibility  of  shifting  their  cut-off  (through  cation  substitutions) 

while  not  significantly  altering  their  low  thermal  expansion  characteristics 

The  high  melting  point  and  hardness  of  mullite  (SAl^O^- 2Si02),  the  low 

expansion  of  cordierite  (2MgO*2Al  O '.SSiO  ) and  the  cubic  crystal  structure 

of  pollucite  (Cs  0*A1  O *4810  ) are  individual  attributes  which  could  be 
2 2 3 2 

exploited  if  their  respective  infrared  cut-offs  could  be  shifted  beyond  5 
microns  by  partial  cation  substitutions. 

Other  possibilities  exist  in  non-silicate  systems  such  as  the  phosphates 
(e.g.  2ZrO  . P O ) for  low  expansion;  however,  their  infrared  cut-offs  are 

2 2 u 

similar  to  the  silicates  and  would  also  require  tuning  to  shift  cut-offs  approxi- 
mately 1 micron. 

3. 4 Low  Expansion  Single  Oxide  C;mdidates 

Based  upon  a screening  criterion  that  the  thermal  expansion  be 
less  than  4.0x10  ^ '°C  two  single  oxides  have  been  found  (Table  3-2): 

(i)  SnO^ 

(ii)  Nb^Og 

Tin  oxide  occurs  naturally  in  gem  quality.  P'igure  27  shows  the 
specular  transmittance  of  Cassiterite  (SnO^).  Because  of  its  reported 

(53) 

high  thermal  conductivity'  , its  thermal  shock  resistance  parameter 
including  thermal  conductivity  would  be  similar  to  silicon  carbide. 

Niobium  oxide  also  appears  as  a possiblity  although  its  low 
expansion  is  directly  related  to  anisotropic  axial  thermal  expansion 
behavior.  Manning'  ' has  shown,  however,  for  hot-pressed  modifications 
with  small  grain  size  that  thermal  expansion  hysteresis  effects  leading  to 
negative  thermal  expansion  (attributed  to  microcracking)  were  eliminated, 
yielding  thermal  expansion  behavior  reflecting  the  average  of  the  three 
axial  crystal  directions.  Thus,  the  potential  exists  for  forming  theoretically 
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FIGURE  2G.  Reflectance  (Specular)  arwl  Transmittance  (Specular,  Hemispherical)  Properties 
of  Transparent  Mullite  MA  1 2O3 . 2S 102) . 
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dense  Nb205  which  is  free  of  microcracks.  Whether  the  fine  grain 
size  required  leads  to  aggravated  birefringence  effects  or  induced 
residuals  strain  remains  to  be  determined  through  careful  experimentation. 

3.  5 High  Expansion  Heavy-Metal  Oxides  For  The  IR3  (7,  5 to  10  jtiTi) 

And  IR4  (10-14  5 urn) 

There  maj'  not  be  exceptional  oxide  candidates  of  low  thermal 

expansion  for  the  IRS  and  IR4  ranges.  The  simple  heavy  metal  oxides  all 

have  thermal  expansion  coefficients  at  1000°K  of  about  10x10  ^/°C.  Some 

of  these,  for  example,  are  ThO  , BaO,  and  EuO  with  transparency  cut-off 
- 1 ^-1  - 1 

energies  of  1300  cm  , 1300  cm  , and  1000  cm  respectively.  Conse- 
quently, EuO  might  possibly  operate  in  IRS;  the  other  two  will  not.  Some 
properties  of  the  heavy  metal  oxides  are  shown  in  Table  3-3.  Except  for 
EuO  they  are  probably  all  optically  transparent  in  the  UV,  VIS,  IRl,  IR2, 
and  RADAR  ranges.  The  small  band  gap  of  EuO  makes  it  non-transparent 
in  the  UV  and  VIS  ranges  These  oxides  should  only  be  employed  when 
their  very  high  melting  temperatures  are  needed  since  their  intrinsic  high 
thermal  expansion  coefficients  produce  poor  thermal  shock  resistance.  The 
thermal  shock  resistance  of  the  garnet,  bixbyite,  and  pyrochlore  structures, 
however,  may  produce  ceramic  or  single  crystal  bodies  with  better  shock 
resistance  than  others  in  the  list  since  their  complex  structures  prevent 
crystal  cleavage. 

3. 6 Rare  Earth  Niobates  and  Tantalates 

The  rare  earth  niobates  and  rare  earth  tantalates  are  mixed  oxides 
with  the  monoclinic  fcrgusonite  structure.  Both  cations  arc  in  6-coordination 
and  this  is  reflected  in  the  relatively  low  vibrational  frequencies  (Figure  28). 
Phase  diagrams  for  the  lanthanum  compounds  (Phase  Diagrams  for  Ceramists, 
Figures  4423  and  4424)  shows  these  compounds  to  be  congruently  melting  and 
with  no  phase  transitions  listed.  The  lanthanum  and  yttrium  compounds  should 
not  exhibit  absorption  from  f-f  transitions  in  the  visable  and  near  IR. 
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FREQUENCY  (cm'') 


FlGUHt;  28:  Transmittance  - Rue  Earth  Niobates  and  Tantalates 
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I 

I 

I The  compounds  that  might  be  of  some  interest  with  their  melting 

are; 

I LaNbO,  1620°C  1 

! 4 i 

’ LaTaO,  1930°C  1 

4 I 

YNbO,  ? 

4 

YTaO^  ? 

4 

3.  7 Non-  Oxides 

None  of  the  metal  oxides  or  nitrides  are  sufficiently  transparent 
in  the  IR4  range  and  only  EuO  might  perform  in  IR3,  Other  types  of  solids 
are  needed.  Table  3-4  lists  some  possible  candidates  among  the  elements, 
sulfides,  selenides,  phosphides,  and  antimonides.  The  metal  sulfide  with  the 
lowest  energy  IR  cut-off  is  EuS  at  •%>  = 535  cm  This  cut-off  energy  is 
calculated  from  3TO  (p),  where  TO  (f)  is  the  energy  of  the  transverse  optic 

/AT 

mode  at  the  zone  center'  . The  multiphonon  optical  absorption  coefficient 
is  approximately  1 cm”*  at  3TO(r).  The  mechanical  properties  of  SrLa^S^  | 

may  be  superior  to  those  of  EuS,  and  its  reststrahl  band  is  also  sufficiently  I 

low  in  energy  to  make  it  transparent  in  IR3  and  1R4.  The  two  standard  | 

materials  ZnS  (Irtran2)  and  ZnSe  (Irtran  4)  are  listed  for  comparison.  Among  I 

the  3-5  compounds  GaP  is  useful  for  IR3  (as  is  GaAs)  while  only  GaSb  (and  ] 

InSb)  can  be  used  in  IR4.  The  high  temperature  thermal  stress  and  oxidation  | 

resistance  of  these  materials  from  EuS  to  GaSb  are,  however,  not  high.  1 

?!  The  last  three  entries  in  Table  3-4  are  possible  candidates  among  | 

I u 

the  high  temperature  refractory  materials.  The  infrared  optical  absorption  of  | 

; ^ -boron  has  been  measured  and  is  plotted  in  the  present  collection  of  curves.  I 

‘ The  average  absorption  coefficient  is  3000  cm”*  in  the  IR3  and  IR4  ranges.  I 

If  a sufficiently  sensitive  detector  is  used  and  if  the  window  does  not  become  so 

hot  that  it  produces  emission  in  this  wavenumber  range,  then  ^ -boron  might  be  ’ 

useful.  However,  BP  appears  to  be  a much  better  candidate,  especially  for  IR3. 

, The  optical  absorption  curve  for  BP  has  been  estimated  by  taking  the  results 

I for  SiC  and  shifting  them  slightly  to  take  account  of  the  slight  difference  in 

i 
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values  of  TO(r)  and  by  reducing  the  intensity  of  the  SiC  absorption  to  an 
assumed  Szigeti  effective  charge  of  O.I  electron.  This  is  about  correct  for  BP 
which  possesses  very  little  ionic  bonding.  The  absorption  coefficient  of  BP  in 
IR4  is  estimated  to  be  a 'v  lOOO  cm'^  Hence  BP  is  not  recommended  for  this 
range. 

Diamond  is  a special  case  in  comparison  to  all  of  the  other 
materials.  As  the  optical  absorption  curve  shows,  the  main  lattice  absorption 

of  diamond  occurs  in  the  IR2  range  and  diamond  becomes  transparent  in  IRS 
and  IR4.  Thus  it  is  a good  candidate  for  windows  in  these  ranges.  There 
is  a size  limitation  on  transparent  diamonds  at  1 to  10  mm  in  size.  Thus 
larger  windows  may  have  to  be  made  of  mosaics  or  honeycomb  structures 
or  of  a lattice  work  of  metal  holding  the  diamond  elements  together.  The 
upper  temperature  limit  on  diamond  is  fixed  by  the  graphitization  tempera- 
ture somewhere  above  1300°K  and  by  oxidation  if  the  surface  is  not 
protected. 

In  conclusion  the  best  candidate  for  IRS  and  IR4  are  SrLa^S^,  BP, 
and  diamond. 

The  following  section  discusses  the  possibilities  in  the  SrLa^S^ 
family  of  candidates. 

S . 8 IRS  (7.5-10  pm)  And  IR4  (10-14.  5^m)  Chalcogenide  Windows 
Screening  the  Chalcogenide  Compounds 

The  total  number  of  ternary  chalcogenide  compounds  is  very  large. 

Selecting  mainly  the  sulfides,  and  only  those  compounds  that  contain  noble  gas 

core,  filled  d-shell,  or  rare  earth  cations,  still  provides  more  than  a thousand 

(72) 

materials  (Muller,  1972)  which  have  at  least  been  synthesized  and  for  which 
some  crystallographic  data  exist.  Phase  equilibria  have  been  determined  for 
very  few  of  these  chalcogenide  systems.  Data  on  the  optical  properties,  infra- 
red absorption  spectra,  hardness,  mechanical  properties,  thermal  expansion 
coefficients,  and  thermal  conductivities  are  for  most  compounds,  non-existent. 
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The  sections  that  follow  screen  the  ternary  sulfides  rather  quickly 
and  identify  several  families  of  compounds  where  materials  with  the  correct 
optical  properties  for  IR  window  application  might  be  found. 

If  the  ternary  compounds  are  plotted  as  a function  of  the  ionic  radii 
of  the  two  kinds  of  cations,  it  is  found  that  compounds  with  the  same 
structure  appear  in  the  same  part  of  the  plot  forming  a sort  of  map  on  which 
the  various  types  of  structures  may  be  identified.  Figure  29  shows  such  a map 

for  ternary  sulfides  with  the  cation  ratio  A^BS^.  These  maps  allow  the 
prediction  of  the  structures  of  unknown  compounds  since  any  combination  of 
cations  can  be  plotted  by  means  of  their  radii.  The  names  given  to  the 
structures  are  those  commonly  used  in  the  literature  and  usually  refer  to  the 
type  compound  for  which  the  structure  was  originally  determined.  Thus  the 
listing  of  a "CaFe^O^"  -structure  implies  that  this  group  of  ternary  sulfides 
have  the  same  structural  arrange  nent  of  atoms  as  the  oxide  compound 
CaFe204. 

The  structures  that  appear  in  Figure  29  are  tabulated  with  some 
comments  (Table  3-5)  on  their  suitability  as  IR  window  materials.  Of  greatest 
interest  are  those  with  the  higher  coordination  numbers  and  these  are  shown 
in  more  detail  for  the  sulfide  compounds  and  the  selenide  compounds  in 
Figures  30  and  31.  Each  point  on  these  plots  represents  a known  compound 
and  some  of  these  with  the  ^h^P^  structure  are  specifically  indicated.  Many 
of  these  ternary  sulfides  and  selenides  have  the  same  structure  except  that 

the  MnY  S structure  appears  only  among  the  sulfides  and  the  CaHo  Se 

^ 2 4 

structure  appears  only  among  the  selenides. 

Ternary  Sulfides  with  the  Th„P  Structure 
3 4 

The  alkaline  earth  - rare  earth  sulfides  of  the  formula  AiREj^S^ 

(where  A = Ca,  Sr,  or  Ba;  RE  - La,  Pr,  Nd,  Sm)  belong  to  the  cubic 
ThgP4  structure  t3T3e.  Both  cations  are  in  8-fold  coordination  on  the  same 
crystallographic  site.  Optical  band  gaps  are  in  the  range  of  2.5  to  2.9  eV, 
as  indicated  below: 
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RADIUS  OF  A (pm) 


structure  Type 

Coordination 

Symmetry 

Value  as  Window  Material 

9 - 

8-4 

Orthorhombic 

No.  Likely  to  be  reactive 

Olivine 

6 - 

4 

Orthorhombic 

? 

Thiogallate 

4-4 

Tetragonal 

No.  Ordered  defect  variiuit 
of  sphalerite.  Defect  states 
often  lead  to  e.vcessive 
absorption. 

PbGa„Se, 

2 4 

? 

Orthorhombic 

MnY2S4 

6 - 

6 

Orthorhombic 

Might  be  of  interest.  Not 
cubic. 

7 - 

6 

Orthorhombic 

Might  be  of  interest.  No. 
optical  data. 

CaFe^O^ 

8-6 

Orthorhombic 

Powder  IR  and  Raman  data 
indicate  high  frequency  modes 
at  350-400  cm"!. 

8 - 

8 

Cubic 

Best  cimdidate.  Refractory 

May  tend  to  sublime  at  high 
temperatures. 

Spinel 

6 - 

4 

Cubic 

Possible  material. 

CaHo„Se, 

2 4 

6 - 

6 

Rhombohedral 

No.  Ordered  defect  NaCl 
structure.  Defects  likely  to 
lead  to  e.xtrinsic  absorption. 
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FIGURE  30.  Structures  of  the  Ternary  ChalcoRcnides  - DetaU  1. 
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160 


140 


RADIUS  OF  A ( pm) 


FIGURE  31.  Structures  of  the  Ternary  Chalcogenides  - Detail  2. 
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Measured  Electronic  Band  Gaps  of  Some  Ternary  Sulfides 
With  the  Th  P Structure,  A(RE)  S 
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Gap  energies  in  electron  volts 


Infrared  spectra  have  been  measured  on  a hot-pressed  specimen  of 

(74) 

SrNd  S (Provenzano  et  al. , 1977)  . Figure  32  shows  that  the  main 

- 1 

absorption  peaks  are  in  the  range  of  100  to  300  cm  and  that  the  material 
I appears  to  have  good  infrared  transmission  characteristics  in  the  infrared. 

[ The  high  transmission  region  is  estimated  and  these  data  would  need  to  be 

I verified  by  better  experimental  measurements. 

The  ThgP^  structure  sulfides  are  said  to  be  moderately  refractory 
with  melting  points  in  the  range  of  1800°C.  These  data  need  to  be  verified 

: because  the  materials  have  not  been  melted.  Some  of  them  appear  to  have 

1 

I high  vapor  pressures  at  temperatures  close  to  the  melting  point.  They  are 

I known  to  be  stable  to  temperatures  at  least  as  high  as  1400°C  (Provenzano 

\ and  White,  1974^^^\ 

There  are  few  data  on  the  hardness,  thermal  conductivity,  thermal 
expansion  or  other  related  thermomechanical  properties  of  these  compounds. 
Most  of  the  available  literature  data  comes  from  the  laboratory  of 
Professor  Jean  Flahout  at  the  University  of  Paris  and  this  group  has  as  its 

primary  interest  the  crystal  structure  and  crystal  chemistry  of  sulfide 
compounds,  not  their  physical  properties. 

Other  Chalcogenide  Materials 

On  the  map  of  ternary  structural  families  are  several  others  which 
I • might  be  of  some  interest  as  window  materials  except  that  the  available  data 

I are  too  fragmentary  for  evaluation. 
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Sulfides  with  the  spinel  structure  are  cubic  and  so  could  be  UHt‘d  in 

CVD  or  hot-pressed  forms.  The  vibrational  frequencies  are  somewhat 

hlKhor,  but  the  materials  aiHi  transparent  to  beyoixl  15  micrometers.  These 

materials  are  less  refractory  than  the  Th3P4  structure  materials. 

Sulfides  with  the  CaFe  O structure  are  orthorhombic  so  that  use  of 

2 4 

polycrystalline  pieces  would  be  difficult.  The  infrared  spectra  (Figure  53) 

shows  a complex  pattern  of  absorption  bands.  With  its  S-O  coordination 

scheme,  the  highest  frequency  modes  of  the  t'aFe^O^  structure  sulfides  fidl 

between  those  of  the  4-6  coordinated  spinels  imd  the  8-8  coordinated  Th.,l\ 

o 4 

structures. 

The  sulfide  materials  with  the  MnY  S structure  fall  into  the  right 

2 4 

part  of  the  structure  field  map  to  be  interesting  but  there  appear  to  be  no 
spectral  data  at  all. 

3. 9 Nitrides 

The  interest  in  structural  nitride  ceramics  comes  from  their  very 

high  operating  temperatures,  their  high  strengths,  ;uid  their  low  thermal 

expansion  coefficients.  In  general  their  regions  of  optical  trim  marency  will 

be  about  the  same  as  those  of  other  nitrides.  The  optical  absorption  curvt's 

for  AIN,  cubic  BN,  and  Si  N are  shown  in  the  collection.  A short  list  of 

3 4 

the  possibly  Interesting  nitrides  is  given  in  Table  3-6  Boron  nitride  has 
been  omitted  because  in  the  graphitic  form  it  is  too  soft  ;md  in  tht'  cubic 
form,  made  under  high  pressure,  it  does  not  seem  to  have  optical 
properties  sufficently  better  than  AIN  to  justify  using  the  small  sample  sizes 
that  are  available. 

(7.5)  -6  o 

The  thermal  expansion  coefficient  of  the  Si-N  bond  is  3.7x10  K 
compared  to  1.3x10  for  the  Si-O  bond^^'^V  Hence  the  nitrides  do  have 

thermal  expansion  coefficients  as  low  as  thos«*  of  the  oxides.  The  expjuision 
coefficient  of  the  Sl-N  bond  at  high  temperatures  is  4.4x10  while  at  high 

temperatures  in  AIN  it  is  6.5x10  There  are  no  published  values 
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FIGURE  33.  Infrared  Spectra  - Sulfides  with  the  CaFe20, 


for  the  Bt'-N  bond.  However,  this  has  recently  been  measuriKi  approxi- 
mately by  studying  the  thermal  expansion  of  BeSlN^  at  high  temperatures. 

At  lOOO^^K  the  results  were  ^ = 7.0x10  imd  A = 7.5x10  / K for 

BeSiN^  (pseudo- hexagon:il).  Thus  the  Be-N  bond  expimsion  coefficient  is 
higher  than  that  of  the  Si-N  bond.  For  comparison  the  B-N  bond  in  cubic  BN 
has  :ui  expansion  coefficient^ of  6.0x10  ^ °K.  The  average  thermal 
exp.ansion  coefficients  and  .anisotropies  for  some  nitrides  are  given  in  Table 
:i-6.  The  values  for  cubic  BN  and  Mg  N are  given  for  comparison. 

The  moderate  thermal  expansion  values,  the  small  thermal  expansion 
.anisotropies,  and  the  high  hardness  values  in  T.able  3-6  miike  these  nitrides 
look  useful.  The  upper  operating  temperature  is  llmltt'd  by  the  dissociation 

into  metal  plus  nitrogen.  The  subllm.atlon  temperatures  in  Table  3-6  are  the 

(77-  ^\) 

temperatures  at  which  the  total  dissociation  pressure  equals  one 

atmosphere.  It  is  clear  that  Mg  N is  not  very  stable  at  high  temperatures, 

O ^ 

;md  offers  no  advantages  over  oxides.  The  will  probably  be  sttible  to 

1773°K,  particularly  with  a thin  surface  coating  of  silicon  ox.Miltrlde  glass. 
The  s:une  will  be  true  of  BeSlN„,  but  the  surface  may  be  Be„SlO.  plus  SlO„ 

The  AIN  and  Be  N may  be  useful  to  almost  2273°K  with  surface  coatings 

«5  ^ 

of  Al^Og  or  BeO.  The  four  nitride  compounds  ^ 

BeSiN^  have  intrinsic  optical  transparency  in  the  IfV,  VIS,  IRl,  Jind  RAD.AR 
regions.  AIN  may  have  some  possibilities  in  IR2.  They  will  :ill  be  strongly 
absorbing  in  IR3  .and  IR4. 

3. 10  Oxy- Nitrides 

It  is  possible  to  m.ake  many  different  metal  oxvTiitride  compounds 
of  Be,  SI,  Al,  Y,  etc.  One  of  the  simplest  is  Sl^ON^.  Ceramic  bixlies^^*'^ 
of  Si  ON  have  been  m.ade  which  show  that  its  average  thermal  expansion 
coefficient  is  small'  ' ’ .Its  opt'rating  temperature  limit  is  about  like 

that  of  Si  N , as  is  its  optical  transparency.  The  great  disadvantage  of 

^ ' (75) 

Si  ON  is  the  anisotropy  of  the  thermal  expimsion  coefficient' 

" " 6 o o 

= 2.8x10  / K over  the  range  300**K  to  1300  K.  Thus  transparent. 


i 


polycrystalline  ceramic  bodies  may  be  difficult  to  fabricate  and  may  crack 
Internally  on  thermal  cycling. 


There  are  a wide  range  of  mixed  crystals  between  SI  and 

3 4 

AI3O3N  called  beta-prime  slalons.  These  may  or  may  not  have  advantages 

over  pure  SI  N for  optical  windows.  For  example  oxidation  resistance  may 

^3) 

be  Improved'  without  appreciably  changing  the  thermal  expansion  coeffi- 
cients, The  optical  transmission  spectra  will  be  similar  to  Si  N . 

(83)  ^ 

There  are  other  possibilities  in  the  oxynitrides'  '.  The  clue  to 

obtaining  low  thermal  expansion  coefficients  appears  to  be  in  modifying  the 

SiO  structures  in  such  a way  that  the  SlO^  tetrahedra  cannot  rotate  as  the 
« 4 

temperature  is  changed.  This  prevention  of  rotation  is  rather  successful  in 
beryl.  It  might  be  possible  to  make  a beryl  structure  without  Be  by  replac- 
ing the  Be  with  A1  or  Si  and  replacing  O with  N to  maintain  charge 
neutrality.  These  new  compounds  would  be: 

AlgSlgOigNa 

AlgSlgOlgNg 

A scandium  or  yttrium  analog  might  be: 

Here  the  Sc  is  in  octahedral  sites;  the  Si  in  tetrahedral  sites.  Such  compounds 
are  not  yet  known  but  there  are  many  possibilities.  For  some  such  compounds, 
the  thermal  expansion  anistropy  and  magnitude  might  be  less  than  in  beryl 
and  the  upper  temperature  limit  might  be  greater.  This  may  be  an  area  of 
fruitful  research. 

McCauley  at  Army  Mechanics  and  Materials  Research  Center  (AMMRC) 
has  successfully  synthesized  a transparent  xAl  O • yAlN  with  a cubic  structure 

A O 

and  a high  congruent  melting  point.  This  material  is  similar  to  Al^O^  in  its 
thermostructural  characteristics  with  the  Important  advantage  of  the  cubic 
structure. 
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3.  11  Highly  Anisotropic  Materials  For  Radar 

There  are  a number  of  oxides  whose  average  thermal  expansion 
in  a polycrystalline  body  is  small  but  exhibit  a large  anisotropy  in  the 
thermal  expansion  coefficient.  Some  of  these,  such  as  Al^TiO^  and  others, 
were  mentioned  earlier.  Such  ceramic  bodies  might  be  quite  transparent  at 
RADAR  wavelengths  but  not  in  the  UV,  VIS,  or  IR.  Microcracking  would  tend 
to  make  them  opaque  at  these  shorter  wavelengths.  If  transparency  only  for 
RADAR  is  desirable,  then  these  ceramics  might  perform.  If  multirange 
optical  pass  bands  are  desired,  then  they  should  probably  be  avoided. 

3. 12  Conclusions  - Selection  of  New  Candidate  Materials  For  Windows 

The  foregoing  comprehensive  analysis  has  identified  a variety  of 
materials  which  have  the  potential  of  being  developed  to  meet  the  advancing 
needs  of  the  DoD.  Some  of  these  materials  could  operate  in  optical /thermal 
regions  for  which  no  materials  are  currently  available.  In  addition,  this 
analysis  indicates  that  many  of  these  new  materials  should  exhibit  thermal 
shock  and  stress  resistances  superior  to  those  of  the  conventional  materials 
used  for  these  purposes. 

A problem  exists  on  deciding  which  of  these  new  materials  should 
receive  emphasis  and  this  decision  must  be  weighed  heavily  with  respect  to 
the  identification  of  critical  applications.  The  list  in  Table  3-7,  however, 
covers  the  major  portion  of  the  optical  spectrum  required  for  the  overall 
range  of  possible  applications  and  includes,  within  the  range,  candidates 
presently  considered  to  be  of  highest  overall  potential  for  performance.  It 
should  be  noted  that  Table  3-7  is  the  current  estimate  of  potential  perform- 
ance level  of  each  candidate  including  cation  substitution  or  optimization  of 
the  bandpass  in  the  case  of  solid  solution  candidates.  Figure  34  depicts 
these  candidates  on  a bandpass  versus  use  temperature  map. 

For  the  very  high  temperature  regime  and  up  to  the  IR2  band,  the 
simple  oxides,  and  ThO^,  should  be  selected  as  back  up  to  nitrides  and 

would  be  top  candidates  for  experimentation  studies  of  ’’toughening"  mechan- 
isms. The  results  of  such  studies  may  lead  to  Improved  thermal  stress 
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TABLE  3-Z  Summary  of  New  Candidate  Materials  for  Windows 


Max. 

Band  Pass 

♦ 

Class 

Materials 

Temp. 

Or 

UV 

VIS 

IRl 

IR2  IR3  IR4 

A 

2ZnO*  GeC)2 

1273 

0 

0 

0 

B 

Th02*  Ge02 

1273 

0 

0 

0 

C 

3Ca05Al2<^ 

1273 

0 

0 

0 

0 

D 

HfO2*W0^-Ta2O5 

1273 

0 

0 

0 

E 

xTajOs-y  WC^ 

1273 

0 

0 

F 

XHf02*  yTi02 

1773 

0 

0 

0 

G 

Cs20*  AI2O3  • 4SIO2 

1273 

0 

0 

0 

H 

Zr02*  SIO2 

1773 

0 

0 

0 

0 

I 

2ZnO«  Si02 

1273 

0 

0 

J 

3AI2O3 -28102 

1773 

0 

0 

0 

0 

K 

2Mg0.2Al203 -58102 

1273 

0 

0 

0 

0 

L 

B4AI18O33 

1773 

0 

0 

0 

0 

M 

Be3Al2(Si03)6 

1273 

0 

■0 

0 

0 

N 

Sn02 

1273 

0 

0 

O 

Nb205 

1273 

0 

0 

P 

Th02 

2273 

0 

0 

0 

0 

Q 

Y2O3 

2273 

0 

0 

0 

0 

R 

EuO 

773 

0 

0 0 

S 

BeSiN2 

2273 

0 

0 

0 

T 

EeSlN2  - AIN  (88) 

2273 

0 

0 

0 

0 

*A11  candidates  good  in  RADAR  range. 

t 


TABLE  3-7.  Summary  of  New  Candidate  Materials  for  VVlndow-s 

(continued) 


Max. 

Band  Pass* 

Class 

Materials 

Temp. 

°K 

UV 

VIS  IRl  ni2 

IR3 

IR4 

Al5SIgOi5N3 

U 

AI2SI9O12N6 

Sc2Si90i2Ne 

1773 

0 

c 

0 

0 

CaLa2S4 

V 

SrLa2S4 

BaLa2^4 

773 

0 

0 

0 

0 

0 

W 

Diamond 

1273 

0 

0 0 

0 

0 

*A11  candidates  good  in  RADAR  range. 

UV  0.2  - 0.4  microns 
VIS  0.4 -0.7 
IRl  0. 7-3.0 
Ih2  3.0 -5.5 
IR  ? 7. 5 - 10. 0 

IR  4 10.0  - 14.5 
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performance  of  those  materials,  per  se,  and.  In  any  event,  such  Information 
Is  of  critical  interest  to  development  of  optimum  properties  of  all  the  ceramics 
addressed  in  the  program. 

The  next  section  discusses  the  potential  for  increasing  the  fracture 
toughness  of  the  candidate  materials. 


-88- 


1 


I 

I 


I 


SECTION  4 


ENHANCED  FRACTURE  TOUGHNESS 


SECTION  4 


ENHANCED  FHACTUUE  TOUGHNESS 


4. 1 Introduction 

Improvements  In  the  thennal  shock  and  erosion  resistance,  and  strength 
will  be  desirable,  jxjrhaps  even  necessai’y,  for  the  various  candidate  materials. 
The  5^  m cut-off  requirement  for  the  near  IR  eliminates  most  of  the  refractory 
materials  with  high  inherent  strengths  or  fracture  toughnesses.  The  need  is  even 
more  acute  for  the  8-14^  m range  where  the  covalent  compounds  or  oxides  with 
high  strength,  and/or  low  thermal  expansion  coefficient, , are  not  transparent. 
The  high  molecular  weight  oxides,  and  the  chalcogenide  semiconductors  generally 
have  high  expansions  and  low  strength  and  fracture  toughness. 

The  optically  suitable  materials  are  generally'  brittle  at  room  temperature 
and  ixjrhaps  through  the  entire  service  temperature  range.  The  fracture  sti'ength: 


(1) 


where  y is  of  oixier  unity,  can  be  improved  either  from  a reduction  in  flaw  size, 
a,  by  careful  processing,  or  by  an  increase  in  fracture  toughness,  ■Sc  , or  frac- 
ture surface  energy,  (Tj,  = v^E^,  where  E is  Young's  modulus).  Im- 

provements in  reduce  the  sensitlvlly  to  pix)cessing  induced  flaws  and  the 
strength  degradation  from  thermal  shock  or  erosion. 

Recently,  Improvements  in  have  been  obtained  in  a few  ceramic  mate- 
rials using  second  phases,  elongated  grains,  microcracks  or  combinations  of 
these.  Currently,  the  theoretical  basis  for  understanding  and  optimizing  these 
toughening  mechanisms  is  incomplete. 

4. 2 Requirements 

Following  Hasselman^^\  the  critical  temperature  change  which  will  cause 
propagation  of  cracks  from  thermal  shock  is: 
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AT 


crit 


HYf  (l-2v)^ 

1/2 

, 16(l-v^)NAo^ 

2 i 

2Ea^(l-v‘‘) 

9(l-2v) 

-1/2 

*0 


(2) 


where  N is  the  number  of  cracks  per  unit  volume  of  initial  size,  , andV  Poisson's 
ratio.  The  frequently  used  criterion  for  high  strong^  materials  is  equivalent  to 
the  case  where  a^)  is  sufficiently  high  that  AT 

no  damage  results.  The  thermal  conductivity,  K,  is  unimportant  for  rapid  heating 


cases  where  K/thc 


^ 1 (t  is  the  thickness,  h the  heat  transfer  coefficient,  and 


the  volumetric  heat  capacity).  If  the  thermal  shock  is  too  severe,  propagation 

(1) 


will  occur  with  the  final  crack  size  given  by: 


3(1-2v) 


8(l-v  ) a N 
o 


1/2 


(3) 


Thus,  higher  strength  materials  will  be  degraded  more  than  weaker  ones,  and  may 
fail  catastrophically. 

4.3  Toughening  Approaches 

Improved  thermal  shock  resistance  can  be  obtained  by  a high  density  of  micro- 
cracks. The  strength  degradation  is  reduced,  Eq.  (3),  as  the  crack  density  is  In- 

3 

creased.  If  the  crack  density  is  hl^  enough,  i.e. , a qN>1,  AkT^^.^  is  increased 

directly  by  reducing  the  total  strain  energy  to  cause  crack  propagation;  in  this  case, 

cracks  will  be  close  enough  together  to  interact  which  lowers  the  strength.  At 

lower  microcrack  densities.  Indirect  benefits  may  result  from  an  increase  in 

This  results  because  the  microcracks  can  cause  crack  blunting,  and  branching  and 

deflection  and  can  reduce  the  stress  intensity  ahead  of  a larger  crack. 

The  erosion  resistance  is  also  greatly  improved  by  higher  values  of  K 

(2) 

although  it  is  also  sensitive  to  flaw  size  and  surface  condition.  Evans  has 
developed  semi -empirical  correlations  showing  that  the  threshold  velocity  for 
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damage  increases  with  1C  . Perhaps  more  importantly,  the  retained  strength  is 

1 4 —1  5 

proportional  to  ' and  the  mass  loss  is  proportional  to  ’ . Caution 

must  be  exercised  in  generalizing  these  correlations  to  two  phase  or  microcrack 
tou^ened  materials.  To  be  beneficial,  the  size  of  the  important  microstructural 
elements  must  be  finer  than  the  size  of  the  contact  circle  of  the  impacting  parti- 
cles or  droplets.  Possibly  microcracks  which  decrease  will  lower  the  in- 
cubation time  but  still  provide  a reduction  in  the  steady  state  rate  of  mass  loss. 

Optical  requirements  place  restrictions  on  the  size  and  distribution  of 
second  phases,  cracks  and  pores  in  addition  to  those  necessary  to  optimize  mechan- 
ical properties.  For  any  useful  volume  fraction,  V , of  second  phase  compound, 

P 

it  must  also  be  transparent  at  the  wavelength  of  interest  and  scattering  must  be 
sufficiently  small.  A guide  to  the  size  requirements  can  be  obtained  from  the 
Ralei^  scattering  theory.  For  spherical  particles  of  radius  d,  the  transmitted 
intensity  is^^^ 


-St 


(4) 


and  for  d 


^(f.y 


(n  /n  )^-l 

p tn 


(n  /n„)^+2 

p m 


(5) 


when  the  fractional  difference  in  the  refractive  index  of  the  particles,  n , and  n 

P n 

is  small,  i.e. , n * 


leir^V  2f  2\ 

BS-  / 1 \ ■>  A-!i  - 5_  nM 

V A.y  3 12  y 


(5a) 


Typically,  X^/d  must  be  20-100  or  larger.  The  effect  of  small  whiskers  or  plates 
can  be  estimated  using  the  volume  equivalent  sphere  diameter. 


I 

1. 
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Particle  Toughening ; 

Recently,  it  has  been  shown  that  second  phase  particles  which  Impede  crack 
propagation  can  produce  modest  increases  in  Strong  particles  apparently  in- 

hibit the  propagation  which  Increases  crack  front  energy  as  it  bows  between  parti- 
(4  5) 

cles.  ’ Modulus  mismatches  or  coherency  strains  from  small  precipitates  may 
also  Increase  IC  . A relevant  example  is  reported  for  single  crystals  of  Al-O,, 
rich  (SAl^Og  • MgO)  spinel;  optimum  aging  produced  an  increase  of  from  1,  5 
to  2. 6 MN/m  ^ . The  highest  toughness  resulted  from  the  presence  of  Al^O^  rich 
"pre-precipitates"  or  G.  P.  zones  ^40^  in  size Several  other  more  dramatic 
methods  have  also  been  demonstrated. 

Fiber  or  Whisker  Reinforcement; 

For  brittle  matrices,  fiber  or  whisker  reinforcement  will  produce  signi- 
ficant increases  in  Kj^  only  if  the  flber  is  "stronger"  than  the  matrix.  Using 

100  ^m  diameter  SiC  fibers  in  porous,  reaction  bonded  Si  N values  of 

3/2  ^ ^ 7 

~ ®“12  MN/m  but  with  ^ = 130-55  MPa  were  observed.  Obviously, 

this  is  only  useful  for  X ^ 1 mm,  and  the  erosion  resistance  would  be  suspect. 

For  dense  systems,  toughening  can  be  anticipated  only  if  the  (single 
crystal  value)  of  the  fiber  is  significantly  greater  than  that  of  the  matrix,  or  if 
there  is  a lower  strength  interface  (e.g. , a weaker  glassy  phase).  There  are  few, 
if  any,  compounds  with  single  crystal  values  proven  to  be  high  enough  to  re- 
inforce the  harder  nitrides  or  oxides  of  current  Interest.  However,  a variant 

of  this  mechanism  apparently  explains  the  relatively  high  values  of  K,„,  5-6.6 
3/2 

MN/m  , obtained  for  dense  Si  N in  which  the  grains  are  elongated  (K  = 

3/2  ^ 

3, 1 MN/m  for  equlaxed  grains).  This  results  from  the  anisotropy  in  in 
SlgN^  and/or  from  a glassy  grain  boundary  phase. 

Transformation  Induced  Toughening ; 

Significant  toughening  can  be  obtained  by  heat  treating  partially  stabilized 

3/2  9 

ZrO  . Reported  IC  values  are  as  high  as  9.5  MN/m  for  ZrO  + 3%  CaO 

^ 3/2  10  3/2  ^ 

and  6 MN/m  for  ZrO^  + 8%  MgO  compared  to  2.8  MN/m  for  untreated 

ZrO  . Strengths  are  500  MPa.  Optimum  aging  results  in  coherent  precipitates 

^ (9) 

of  pure  ZrO^  which  are  0.  Ijf/lm  in  diameter  for  the  ZrOg-CaO  system'  ' and  are 

ellipsoids  about  0. 5 u m in  diameter  and  0.07  M m thick  for  the  ZrO^-MgO  system^^^^ 
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The  coherent  precipitates  are  retained  in  the  high  temperature  tetragonal  (T)  phase. 
In  the  stress  field  ahead  of  a crack,  the  precipitates  transform  to  the  low  tempera- 
ture monoclinic  phase  (M).  The  loudening  apparently  results  from  the  lattice  in- 
variant plastic  strain  accompanying  transformation,  and  the  effect  of  the  transfor- 
mation induced  strains  around  the  particles  on  the  stress  field  ahead  of  the  crack 


, 3/2  (11) 

Recently,  similar  toughening  to  = 9 MN/m  has  been  reported 
in  SigN^  with  20%  ZrO^  ( 1 ^ m diameter).  The  Si^N^  matrix  is  apparently 
strong  enough  to  prevent  the  T-*M  transformation  during  cooling  to  room  tempera- 
ture. The  requirement  is  for  a second  phase  particles  which  undergo  a phase 
transformation  with  a significant  shape  or  volume  change  and  which  occurs  marten- 
stically  so  it  is  difficult,  but  not  quite  impossible  to  supress.  The  tou^enlng  will 
only  be  effective  at  temperatures  below  the  T— transformation  temperature, 
about  1000-1100°C  for  ZrO  . 

Microcracked  Systems: 

Microcracks  which  are  pre-exlstant  or  nucleate  ahead  of  a larger  crack  or 
flaw,  can  produce  toughening.  Microcracking  can  be  achieved  using  second  phase 
particles  with  a lower  expansion  coefficient  or  from  thermal  expansion  anisotropy 
of  the  matrix  compound.  An  optimum  particle  size  and  volume  loading  are  typical- 
ly observed.  This  results  because  larger  microcracks  propagate  more  easily;  if 
they  are  too  large,  they  may  provide  less  toughening  and  will  lower  the  strength. 
Conversely,  if  the  particles  are  less  than  a critical  size,  microcracks  do  not 
nucleate.  The  critical  size  can  be  reduced  and  the  toughening  further  enhanced 
by  increasing  the  volume  misfit.  This  has  been  achieved  in  ^120^  using  un- 

stabillzed  ZrO  in  which  the  volume  change  accompanying  the  T— ^M  transforma- 

^ 3/2 

tlon  Increases  the  misfit  stresses  with  15  v/o  of  4 yn  m particles  = 10  MN/m 

and  CT  = 500  MPa  were  obtained. 

Easy  Cleavage  Phases: 

A variant  of  the  microcrack  toughening  is  to  use  a dispersion  of  a second 
phase  with  an  easy  cleavage  plane.  Such  systems  may  not  be  precracked  but  pro- 
vide similar  benefits  by  crack  nucleation  with  the  particles.  The  machinable  glass 
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ceramics  have  precipitated  mica  flakes,  50  « m in  diameter,  and  0,6  it  m thick, 

3/2  ~ * 

which  give  Kj  = 2 MN/m  , about  a factor  of  3 increase  over  glass.  Mica 


flakes,  30  ^ m in  diameter  and  10  ^ m thick,  added  to  A1  O produced  K = 

8.  5 MN/m  and  U = 400  MPa  at  10  v/o.  The  thermal  shock  resistance  is 


significantly  improved  in  these  two  materials,  and  it  has  similarly  been 


improved  using  hexagonal  BN  additions  to  A1„0  . ' ' This  technique  is  probably 

M O 

most  effective  with  a material  which  has  one  easy  cleavage  plane  and  is  strong  in 


the  other  two  directions. 


4. 4 Application  to  Window  Materials 


Tou^ness  increases  of  a factor  of  2-3  and  Improved  thermal  shock  resis- 


tance have  been  achieved  in  several  ceramics.  These  are  summarized  in  Table  4-1 
which  Includes  calculated  values  of  the  parameter  ( 3^,/E  which  is  a good 


mepsure  of  the  crack  stability  under  thermal  shock. ' ' Most  of  these  have  not 


been  fully  optimized  for  mechanical  properties,  and  none  of  them  have  been  made 
to  optical  quality.  Typically,  there  are  too  many  pores  and  absorbing  impurities 
and  the  toughening  particles  are  too  coarse.  Further,  several  of  the  materials  are 


inappropriate  for  the  wavelengths  of  interest,  e.  g.  , mica,  BN,  and  Si  N cut-off 

o 4 


at  3-4  j/LVCi  or  less.  By  applying  these  techniques  to  appropriate  materials  and 
developing  adequate  fabrication  procedures,  improved  thermal  shock  and  mechanical 


properties  with  satisfactory  transparency  can  be  anticipated. 

Using  typical  values  of  a,  X , and  V to  calculate  the  scattering  coefficient, 

P 

Eq.  (5),  indicates  the  ranges  of  acceptable  particle  sizes.  For  transparency  in 
the  visible  or  near  IR,  the  refractive  index  match  between  the  two  phases  must  be 
within  a few  percent,  < 0. 05  to  allow  particles  as  large  as  100-200  fi.  For 
the  mid  - and  far  IR  windows , particles  can  be  0. 1-0. 5 yU  m if  < 0. 05.  If 

O 

the  index  match  is  poor,  particles  as  fine  as  200-300  A may  be  required.  When 
there  are  pre-existant  microcracks,  the  additional  scattering  will  require  even 
finer  particles. 

zro/mo^ 

Partially  stabilized  ZrO  is  attractive  because  toughening  has  already  been 
demonstrated  with  second  phase  particles  of  an  acceptable  size  for  IR  applications 


-94- 


TABLE  4-1.  Fracture  Toughness  and  Thermal  Shock  Resistance 


I 

I 

I 

I 


Matarlal  -IC'- 

SB  SijH^  ♦ 5%  SIC  Fibart 

Y,.  W 

o,*c"^ 

R?. 

-^*-R 

12 

900 

73« 

2.9xl0' 

>6 

38. 

RB  SljN^  * 25%  SiC  rtbart 

a 

200 

146* 

3.2 

12. 

SijH^  ♦ 20%  BrOj 

9 

140 

284* 

4.2 

5.3 

SljN^  (Blong.  gma.) 

6.6 

70 

310 

2.8 

5.4 

SijN^  (Bqui.  gma.) 

3.1 

16 

310 

2.8 

2.5 

SrOj  * 3%  cao 

9.5 

250 

*180 

*7 

5.3 

SrOj  ♦ 8%  NgO 

6.0 

100 

*180 

*8 

2.9 

RljOj  ♦ 15%  BrOj 

10 

130 

375* 

8.3* 

2.3 

AljOj  ♦ 10%  Mica 

a.5 

104 

350 

9 

1.9 

aic 

4.0 

25 

470 

4.3 

1.7 

*^2°3 

4.5 

25 

410 

8.0 

0.97 

RljO^  (Sing.  crys.)(loIl) 

2.2 

6.0 

410 

8.0 

0.47 

^2°3  (Sing.  C:rya:)  (0001) 

>5.8 

>40 

410 

8.0 

>1.3 

ZrSlO^ 

(2.3**) 

(15»») 

>170 

5.6 

(1.7) 

3AljOj.2S10j 

(2.6*») 

(15»») 

220 

5.1 

(1.6) 

ZrOj  (cubic) 

2.8 

16 

250 

10 

0.79 

igO'lAljOj  (Sing.  Crya.) 

1.5 

4.7 

*240 

-9 

0.49 

MgO'lRljOj  (S.C.-agod) 

2.6 

14 

“240 

*9 

0.85 

Mgo 

2.2 

8 

310 

13.5 

0.37 

TWOj 

(2.3«*) 

(10»«) 

258 

9 

(0.69) 

siOj  (glaaa) 

0.82 

4.7 

72 

0.5 

16 

Machlnabla  Glaaa-OaraB. 

21. 

32 

68 

5.1 

4.2 

Pyrocaraa  9605 

1.0 

4 

140 

1.4 

3.8 

Pyrocaraa  9606 

1.0 

4 

120 

5.7 

1.0 

ZnSa 

0.9 

5.5 

74 

7.8 

1.1 

MgFj 

0.9 

3.8 

110 

12 

0.48 

•R  = - Kj^yacwT 

* Bstlaat*4  by  Law  of  Mlxturas 

**  Bstlaatad 

t Low  danaity.  low  atranqth  Matrix  i would  probably  ovaraatiMta  aroalon  raalatanca. 

Rafarancaai  Yl  6-14,  23-27 
C.  di  7,9,13,14.27-2a 
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eventhough  its  optical  properties  may  be  inferior  to  other  mid  IR  candidates.  The 

16 

phase  diagram  for  HfO  -CaO  is  essentially  the  same  as  for  ZrO  -CaO  , so 

A ^ 


similar  toughening  should  be  achievable.  HfO  offers  the  additional  advantages  of 
lower  o(  , presumably  high  IR  cut-off,  and  a higher  transformation  temperature 
range  for  the  T— transformation,  1600°C  compared  to  ^ 1050°C  for  ZrO^. 

ZrO^/HfOg  - Toughening  of  Other  Materials 

Unstabilized  ZrO  or  HfO  can  be  used  to  tou^en  other  mid  IR  candidate 

e.  2 , 

materials.  At  the  fine  particle  sizes  which  are  required,  the  T transformation 

I 

may  be  suppressed  giving  the  prospects  of  transformation  induced  toughening 
rather  than  pre-existant  microcracking.  This  technique  will  be  limited  to  materials 
which  are  unreactlve  with  ZrO  /HfO  and  which  do  not  stabilize  the  cubic  phase 
of  ZrOg/HfO^.  The  necessary  phase  diagrams  are  not  available  for  most  of  the 

mid-lR  candidate  materials.  Toughening  of  Y O will  not  be  possible  based  on  ' 

/i0\  2 3 

existing  [^ase  diagrams.'  ' Investigation  of  the  stability  with  BeSiN  , BP,  the 

^ ! 

AISION  compounds,  and  mixed  oxides  such  as  B^A1,„0,„,  oordlerite  (Mg.Al  S1_0  ) j 

4 lo  13  3 4 5 lo  ] 

and  beryl  (Be.Al  Si  O ) will  likely  indicate  other  possibilities. 

3 3 o lo 

Three  obvious  candidate  systems  can  be  identified.  ZrO  or  HfO  are 

/■i0\  f ^ ] 

stable  with  ZrSiO^  or  HfSiO^. ' ' The  ternary  phase  diagram  ' ' indicates  that  | 

ZrO„  exists  in  equilibrium  with  muUite,  3A1  O ' 2SiO  . The  effects  of  SiO_  or  j 

3 3 3 3 3 

Al-0„  on  the  M-^T  transformation  have  not  been  confirmed,  however.  The 

(16) 

ThO„  - ZrO  phase  diagram  indicates  that  the  T and  M phases  of  ZrO  are 

* 3 3 j 

equilibrium  with  ThO„.  Further,  above  2000°C  the  ZrO  can  be  dissolved  In  ThO  j 

3 3 3 j 

and  aging  heat  treatment  to  give  fine,  possibly  coherent  precipitates  should  be  | 

possible.  ThO  plus  ZrO  or  HfO  offer  particularly  promising  systems  in  which 
3 3 3 

to  developing  high  toughness  in  a material  with  a cut-off  over  6 m.  m.  j 

j 

Other  transparent  compounds  with  similar  martensitic  phase  transforms-  j 

tions  could  be  used  for  toughening.  No  sulfides  or  other  chalcogenldes  with  appro- 
priate transformations  and  transparencies  in  the  far  IR  are  presoitly  known  to 
the  authors,  although  there  are  many  such  compounds  with  order -disorder  or 
I other  second  order  transformations.  Unfortunately,  the  volume  and  shape  changes 

I are  usually  small  for  these. 

' 

A 
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Fasy  Cleavage  Phases 

Another  technique  with  the  potential  for  toughening  with  dispersed  parti- 
cles of  the  order  of  0.  1 yU  m in  size,  is  the  use  of  dispersions  of  compounds  with 
an  easy  cleavage  plane.  Many  chalcogenides  such  as  MoS^  have  hexagonal  or 

distorted  he.xagonal  crystal  structures  which  cleave  easily  on  the  basal  plane. 

(17  18i 

Table  4-2  lists  some  of  these  layer  compounds  and  relevant  properties'.  ’ ' 

The  thermal  properties  of  many  of  these  compounds  are  not  well  established. 

Many  are  degenerate  semiconductors  or  nearly  metallic  conductors  and  so  the 
absorption  coefficient  will  be  too  high;  frequently,  is  too  small  for  transparency 
in  the  visible  or  even  mid-IR. 

The  most  promising  of  these  compounds  are  HfS  or  ZrS  . The  resis- 

^ (19)  ^ 

tivities  are  high  enough  to  suggest  acceptable  absorptivities  Further,  the 

“8  (20) 

sulfur  vapor  pressure  over  ZrS^  is  only  10  atm  at  900”c'  so  vaporization 

rates  may  be  low  enough.  For  a dispersed  phase,  higher  vaporization  rates 

and  lower  melting  points  can  be  tolerated  than  for  the  matrix  phase.  Although 

much  less  refractory. GaS,  GaSe  and  ShS  , may  also  be  useful.  A dispersed 

phase  of  one  of  the  layer  compound  sulfides  or  selinides  in  a compound  such  as 

SrLa  S or  EuS  offers  a prospect  for  a higher  toughness  material  for  use  in 
^ 4 

the  far  IR.  Both  the  thermodynamic  stability  and  the  optical  behavior  of  the 
"doped"  compounds  which  have  been  equilibrated  with  each  other  must  be  deter- 
mined before  the  most  promising  systems  can  be  identified. 

Mlcrocracked  Systems  for  the  Radar  Range 

Systems  with  coarser  particles  or  larger  microcracks  can  be  used  in 
the  radar  range.  Coarser  (1-5  fn  m)  ZrO^  or  HfOg  P^i’tlcles  can  be  used  in 
any  of  the  materials  in  which  they  are  stable.  The  higher  transformation 
temperature  of  HfO,^  may  be  a major  advantage  Dispersions  of  BN  or  mica 
can  also  be  used  in  windows  for  the  radar  range  BN  is  more  refractory  and 
probably  stable  with  more  compounds,  but  mica  may  provide  better  toughening. 

BN  is  probably  stable  with  most  of  the  compounds  which  would  be  of  interest 
in  the  radar  range  such  as  BeSiN^,  AlSiON  compounds  and  simple  or  mixed 
oxides.  For  these  materials,  the  optimum  particle  sizes  will  be  determined 
by  thermal  shock  and  erosion  considerations , rather  than  scattering. 
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TABLE  4-2:  Layer  Compounds 


Nataxlal 

Struetuxa 

ISSj-IS. 

Coaawnta 

NlAa-^Ij 

*900 

too  conductlva  j 

Gas 

hax 

970 

aanl  conductor 

GaSa 

has 

960 

aaad  conductor 

GaTa 

■onocl. 

83S 

aaadconductor 

HfSj 

Cdij-ha* 

high 

Bg  ■ 1.96,  2. lav.  p-10*  Qcb 

Mt  S 

2 3 

Nlka-KMlj 

high 

HfSa^ 

Cdlj 

high? 

■g  * l.lJaV 

HoSj 

Hos  -haa 

>1900 

Eg  • l.lav,  Batalllc  >200*C 

MoTa. 

-1 

>1300 

Eg  - 1.9aV 

KbSj 

httx 

high 

Mtalllc 

Hisa^^^,  HlTa^^ji 

NlAs-^CdXj 

-900 

too  oonductlva 

SnS 

Cdl, 

960 

Eg  • 2.2aV,p~10  O-oa 

rax,t 

haa 

high 

■atalllc 

ThjX^.  0,1, 

Sb^Sj  -thoato* 

1500-3000t 

prob.  too  oonductlva 

TbXj,  OXj 

PbCl.-rboab* 

l$00-2000t 

prob.  too  oonductlva 

TlX 

Cdl, 

aatalUc 

>1900 

Eg  V l.laV,  BatalUe? 

HSa, 

-7 

high 

Eg  • 1>6  aV 

A 

Cdlj 

“ISSO 

Eg  • 1.66aV,  p~10  O-M 

xxsa. 

Cdl, 

high 

Eg  • 1>3S  aV 

Srtaj 

OdX, 

high 

prob.  too  conductlva 

DafarancM  17-19 
t X * I,  Sa,  Ta 

• Chaia  Ilka  bonding,  tharafora  waak  In  two  diractlona  and  atrong  in  ona. 

• Hot  atrlctly  a layax  atructura,  but  an  aaajr  elaaraga  plana  la  pzobabla. 
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^ Precipitate  Strcn) 

j The  restriction  to  particles  with  a good  index  match  and  sizes  of  30- 

200  k.  for  the  visible  range,  probably  eliminates  many  of  the  techniques  so  far 

considered  Precipitation  from  solid  solution  by  aging  can  produce  sufficiently 

small  particles  which  may  provide  some  toughness  enhancement.  The  BeSiN  - 
(21) 

AIN  is  reporttni  to  have  complete  solid  solubility  at  high  temperature.  It 
is  likely  that  phase  separation  or  precipitation  would  occur  on  aging  at  lower 
temperature 

Fiber  Whisker  Strengthening 

For  the  compounds  suitable  for  the  far  IR,  strengthening  or  toughening 
using  strong  fibers  may  be  feasible  in  principle.  To  estimate  scattering  the 
equivalent  spherical  diameter  would  be  2.  5 d for  /,  d = 10.  If  one  of  the  simple 
covalent  compounds,  such  as  BP,  had  a sufficiently  low  absorption  coefficient 
in  the  8-14  ^ m range,  it  could  be  used  with  a sulfide  matrix  which  is  com- 
patible and  has  a suitable  refractive  index.  If  O.  05,  whiskers  with  a di- 
ameter of  0.  05  - 0.  2 ^ m would  probably  have  sufficiently  low  scattering 
Production  and  handling  of  such  small  fibers  and  fabrication  of  a dense  two- 
phase  material  would  require  advanced  techniques. 

For  the  mid- IR,  the  size  requirements,  fabrication  difficulties,  and 
stronger  matrix  materials  available  make  whisker  strengthening  even  less 
feasible.  Particularly  strong  materials  which  only  marginally  meet  the  6^  m 
cut-off  or  which  have  oxidation  or  vaporization  limitations,  such  as  could 

be  used  in  more  suitable,  nonreactive  matrices  with  better  transparency. 

Materials  with  noncubic  structures  which  have  significant  anisotropy 
in  the  single  crystal  offer  the  potential  for  toughening  with  microstructure 
control,  such  as  the  development  of  elongated  grains.  Unfortunately,  those 
same  materials  typically  have  poorer  IR  transmission,  and  if  they  are  sig- 
nificantly bi-refringent,  the  grain  size  must  be  very  fine. 

4. 5 Fabrication 

To  achieve  the  desired  properties,  the  dispersed  particles  must  be 
carefully  controlled  in  size  and  spatial  distribution.  Powder  processing  is 

i 

I 


1 
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probably  more  flexible  than  CVD  for  fabricating  these  two  phase  bodies. 

Sintering  or  hot  pressing  to  high  density  will  be  necessary  The  porosity  must 
either  be  as  pores  finer  than  approximately  A l5n  or  the  density  must  be 
greater  than  99.99%.  The  easiest  materials  to  control  are  those  such  as 
partially  stabilized  ZrO^  or  HfO^  or  ThO^  + ZrO^  in  which  the  particles  can 
be  obtained  by  precipitation  using  a solutionizlng  and  aging  heat  treatment. 

For  the  materials  which  must  be  prepared  by  denslfication  of  powder 
mixtures,  special  techniques  must  be  used  to  achieve  the  necessary  size  and 
distribution  of  second  phase.  Submicron  ZrO^  and  HfO^  with  crystallite  sizes 
of  about  100  ^ or  about  300  R are  available  from  two  different  sources.  These 
can  be  carefully  milled  and  classified  to  remove  or  break  up  agglomerates. 

This  can  be  done  by  vibromilllng  in  a stable  liquid  suspension  and  centrifu- 
gally  separating  the  powders  by  size  for  preparation  of  test  samples.  Fine 
powders  of  BN  can  probably  be  made  by  gaseous  reactions  and  similarly 
classified.  The  matrix  powders  must  be  similarly  fine  to  obtain  an  adequate 
dispersion  of  second  phase.  The  classified  powders  can  be  mixed  in  suspen- 
sion and  then  either  deposited  directly  by  slip  casting  or  centrifugation  or  can 
be  freeze -or  spray-dried  to  prevent  separation.  Milling  and  centrifugal 

separation  techniques  have  been  used  to  produce  dense  ZrO,^  with  a 0.  16^  m 

. . (22)  “ ' 
grain  size. 

Alternatively,  for  two  component  oxides,  the  powders  can  be  made  con- 
currently to  achiev  fine,  well-mixed  dispersions.  If  .«oluble  salts  of  all  the 
cations  exist,  copreclpltatlon,  freeze  drying  or  spray  drying  may  be  useful. 

If  soluble  salts  are  not  available  for  all  components  similar  techniques  can  be 
used  to  precipitate  the  soluble  component  Into  a fine  suspension  of  the  other 
powders.  An  alternative  is  to  co-decompose  volatile  alkaloxides  of  the 
appropriate  cations. 

To  establish  phase  stability  and  evaluate  the  toughness  and  other 
properties,  samples  should  be  made  by  the  most  expedient  technique.  The 
appropriate  method  of  powder  preparation  will  depend  upon  each  particular 
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pair  of  materials.  Evaluation  samples  can  be  hot  pressed  although  scale-up 
to  feasible  techniques  for  production  will  likely  warrant  using  sintering. 

4.  6 Toughness  and  Thermal  Shock  Evaluation 

F'racture  toughness,  thermal  shock  resistance,  and  strength  must  be 

evaluated  for  the  various  materials.  Preliminary  toughness  measurements 

can  be  made  on  small  (a#  mm)  samples  using  the  microhardness  technique 
(23) 

developed  by  Evans.  Eor  the  more  promising  materials,  standard  tech- 
niques such  as  double  torsion  or  double  cantilever  measurements  of  fracture 
toughness  should  be  done.  Eor  the  best  materials,  toughness  should  also  be 
measured  at  high  temperature.  This  is  particularly  important  for  the  ZrO^ 
and  HfO^  toughened  materials  to  determine  the  temperature  above  which  the 
stress4nduced  T-^M  transformation  no  longer  occurs.  Comparison  of  the 
values  from  the  microhardness  technique  and  the  larger  samples  may 
give  an  indication  of  the  effectiveness  of  the  particular  techniques  in  in- 
hibiting erosion. 

Thermal  shock  resistance  can  be  evaluated  by  relating  the  retained 
strength  after  quenching  to  the  as-fabricated  strength.  Eour  point  bend  tests 
are  satisfactory  for  the  strength  determinations.  Samples  should  be  quenched 
over  a range  of  ^ T up  to  the  maximum  anticipated  for  service  to  determine 
tk  degree  of  degradation. 

4.  7 Scheduling  and  Screening 

Although  preparation  of  toughened  window  materials  appears  to  be 
feasible,  a considerable  fabrication  effort  will  be  required  to  achieve  optical 
quality  and  optimum  mechanical  properties.  Consequently,  evaluation  and 
development  should  proceed  in  several  steps.  Thermodynamic  stability,  the 
melting  range,  and  the  mutual  solubilities  should  be  determined  if  they  are 
unknown.  Where  there  is  uncertainty,  the  potential  for  suitable  optical  pro- 
perties should  be  established  by  Interdlffusing  the  two  materials  and  then  as- 
certaining the  effect  of  the  mutual  doping.  The  optical  absorption  can  be 
estimated  by  doing  measurements  on  thin  film  samples  or  alternatively,  on 
powders  or  samples  with  particles  much  larger  than  X . The  toughening 
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should  bt*  evaluated  uaing  materlala  and  particle  size  restrictions  with  the 
potential  for  suitable  optical  performance.  Those  techniques  and  materials 
for  which  toughening  and  thermal  shock  resistance  have  been  demonstrated 
and  are  otherwise  suitable  can  then  be  considered  for  fabrication  to  optical 
quality  and  large  sample  preparation.  For  the  small  particle  sizes  required, 
there  are  uncertainties  In  the  extent  of  toughening  to  be  expected  and  the  op- 
timum volume  loadings,  sizes,  spatial  distributions,  and  aspect  ratios. 

Whore  appropriate  model  studies  using  more  readily  available  materials,  such 
as  MoS^,  may  be  desirable 
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j SECTION  5 

PROGRAM  PLAN 

ADVANCED  OPTICAL  CERAMICS  - PHASE  I 

5. 1 Introduction 

The  accompanying  statement  of  work  for  the  Advanced  Optical  Ceramics 
Phase  I study  (Section  5.4)  defines  the  initial  effort  of  a proposed  three  year  DARPA 
sponsored  investigation  which  will  lead  to  identification  and  development  of  revolu- 
tionary advanced  materials  suitable  for  electro-optical/electro- magentic  (EO/EM) 
windows,  IR  domes  and  radomes  capable  of  meeting  mission  requirements  antici- 
pated for  the  1990  decade  and  beyond.  This  statement  of  work  is  an  output  of  the 
Advanced  Optical  Ceramics  Phase  "O"  Study,  ONR  Contract  N00014-77-C-0649. 

The  data  base  used  in  assessing  DoD  1990  time  frame  system  needs  and  Advanced 
Optical  Ceramics  candidate  selections  is  described  in  References  1 and  2,  and 
in  the  body  of  this  Final  Report. 

The  initial  candidate  list  has  been  selected  based  on  known  data  and  solid 
state  physics  considerations  which  permit  narrowing  of  the  list  to  manageable 
proportion  and  yields  high  confidence  that  the  materials  selected  for  development 
will  be  appropriate.  This  approach  limits  activity  which  predictably  could  not  yield 
useful  results  and  directs  the  activity  to  avenues  expected  to  be  fruitful.  The 
candidate  slates  are  partitioned  on  the  basis  of  bandpass  as  follows: 

UV  0.2  - 0.4  microns 

VIS  0.4 -0.7 

mi  0. 7-3.0 

m2  3.0  - 5.5 

m3  7.5  - 10.0 

IR4  10.0-14.5 

RADAR 
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' Many  candidates  in  these  lists  have  dual  mode  capability.  Since  advanced  missions 

are  trending  toward  dual  mode  operation,  the  dual  mode  capability  will  be  important. 

In  each  case,  the  new  candidates  were  Judged  relative  to  both  the  operational 
and  the  advanced  materials  currently  under  development  by  DoD  for  similar  appli- 
cation. Criteria  for  selection  were  refractoriness,  band  pass  (absorption  coefficients), 
band  gap,  coefficient  of  thermal  expansion,  hardness,  potential  for  fracture  tough- 
ness enhancement,  structure  (cubic  being  preferred),  chemical  stability  (including 
tendency  to  be  sensitive  to  moisture). 

A number  of  excellent  candidates  contain  beryllium.  'Fhe  toxicity  of  Be  is 
well  recognized.  However,  it  is  judged  that  the  beryllium  industry  has  developed 
means  to  process  beryllium  compounds  in  conformance  with  OSHA  requirements 
(BeO,  Be  metals)  and,  therefore.  Be  compounds  are  viable.  Nevertheless,  Be 
toxicity  is  an  unfavorable  factor  when  ranking  candidates.  Although  the  proposed 
three  year  program  is  designed  to  narrow  the  field  of  candidates  and  focus  on  a 
few  materials  leading  in  the  third  year  to  scale-up  of  the  processes,  a significant 
ongoing  task  will  be  to  continuously  monitor  new  material  systems,  data,  and 
defense  system  requirements  so  that  important  trends  or  breakthroughs  are 
factored  into  this  program  on  a timely  basis. 

5.2  Review  Board 

During  the  course  of  this  program,  semi-annual  reviews  of  progress  and 
approaches  will  be  conducted  by  a technical  review  panel  selected  with  the  con- 
currence of  the  contract  monitor.  The  purpose  of  the  semi-annual  review  will 
be  to  continuously  incorporate  into  the  program  by  an  updating  process  the  best 
technical  knowledge  available  in  the  Nation  in  the  fields  of  materials  synthesis, 
characterization  and  applications  technology  related  to  the  Advanced  Optical 
Ceramics  of  interest. 

Subject  to  further  iteration,  a tentative  list  of  Advanced  Optical  Ceramics 
Review  Board  members  has  been  drawn  up.  This  Board  will  be  a key  to  successful 
performance  of  the  proposed  Advanced  Optical  Ceramics  program  as  well  as  the 
incorporation  of  the  results  of  the  program  into  new  system  developments. 
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5.3  General  Approach  for  "Phase  I Program  Plan" 

Specimens  of  each  of  the  candidates  will  be  located  (as  previously 
synthesized  or  naturally  occurring  crystals)  and.  If  not  available,  will  be 
synthesized.  Many  measurements  can  be  performed  on  small  samples  on  the 
order  of  1 mm.  In  addition,  some  spectral  data  can  be  obtained  on  powders, 
while  other  measurements  require  large  samples.  Table  5-1  lists  the  screening 


characterizations  to  bi'  made  and  the  approximate  sample  size  required  for  each 


measurement.  The  following  list  of  properties  will  be  obtained  which  will  provide 
the  basis  for  ranking  of  the  candidate  ceramics: 


Density 

Specific  Heat  (calculated) 

Thermal  Conductivity 
Elastic  Modulus 
Modules  of  Rupture 
Poisson's  Ratio  (estimated) 

Coefficient  of  Thermal  Expansion  (CTE) 
Dielectric  Constant  ) 

Loss  Tangent  ) 

Absorption  Coefficients  for  IR  Domes  and 
Visible  Windows 


for  radome 


Synthesis  of  specimens  will  be  performed  at  various  facilities,  depending 

on  the  process  chosen  and  the  nature  of  the  material. 

The  data  derived  from  these  characterizations  will  be  used  as  a basis 

for  estimates  of  properties  as  a function  of  temperature.  Such  data  will  be  input 

to  the  Johns  Hopkins  University  Applied  Physics  Laboratory  Unified  Radome 

(3) 

Limitation  (UltLIM)  Program'  ' to  assess  probable  useful  performance  envelope's. 
Along  with  the  various  figures  of  merit  parameters  for  thermal  shock 
Hasselman^'^*^^  the  URLIM  output  will  be  considered  when  selecting  candidates 
for  further  scale-up  in  the  Year  2 program. 

Additiomilly,  the  potential  for  optical  success  of  the  candidates  will  be 
assessed  by  use  of  analytical  tools  available  at  the  Naval  Weapons  Center. 

Candidates  wUl  be  ranked  and  a selection  of  materials  to  carry  on  to  the 
Year  2 program  will  be  made  by  the  contractor  and  contract  monitor. 
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TABLE  5-1;  Screening  Characterizations 


I 

I 

5.4  Statement  of  Work  - Advanced  Optical  Ceramics  - Phase  1 

I Development  of  Advanced  Optical  Ceramics  for  Application  to  Advanced 

{ DoD  Missions 

^ TASK  1.0:  Synthesis 

I Candidate  materials  will  be  synthesized  (if  not  available  naturally  or  from 

previous  research  work)  which  have  been  identified  in  the  Phase  "O"  study.  The 
t specific  candidates  are  summarized  in  Table  5-2. 

• For  each  candidate  specimen,  characterization  measurements  will  be 

made,  sufficient  to  determine  the  usefulness  of  the  material  in  terms  of  band  pass 
and  thermostructural  limitations.  Measurements  will  be  performed  as  indicated 
in  Table  5-2,  Screening  Characterizations,  although  every  specimen  will  not 
necessarily  be  subjected  to  every  test. 

The  most  promising  formulation  in  each  category  of  candidates  will  be 
further  developed  toward  optimization  of  electro- magnetic  and  thermostructural 
properties.  This  optimization  will  include  cation  substitution  in  appropriate  candi- 
dates to  "fine  tune"  the  band  pass  characteristics. 

TASK  1. 1;  Non-silicate  mixed  oxides  with  IR  cut  off  J>  5^m,  CTE  ^ 4.0  x 10~^/”C 
The  following  mixed  oxides  in  this  classification  will  be  synthesized  and 
characterized : 

I 2ZnO.  Ge02 

. Th02*Ge02 

1 3Ca0*5Al203 

These  materials  will  be  aimed  primarily  at  the  3-5  um  application. 

I TASK  1.2:  Non-silicate  mixed  oxides  with  Dl  cut-off  > 5^m,  CTE  near  zero 

The  following  mixed  oxides  in  this  classification  will  be  synthesized  and 
I characterized: 


I 

I 
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TABLE  5.2.  Summary  of  New  Candidate 


Class 

Materials 

Max. 

Temp. 

Or 

A 

2ZnO-  Ge02 

1273 

B 

Th02‘Ge02 

1273 

C 

3CaO5Al20^ 

1273 

D 

Hf02*W03*Ta205 

1273 

E 

xTa205-yW03 

1273 

F 

«lf02*  yTi02 

1773 

G 

C820*  A1202*  4SIO2 

1273 

H 

Zr02*  Si02 

1773 

I 

2ZnO«  Si02 

1273 

J 

3A1203*  28102 

1773 

K 

2MgO«  2 Al20g  • 5Si02 

1273 

L 

B4AI18O33 

1773 

M 

Be3Al2(S103)6 

1273 

N 

Sn02 

1273 

O 

Nb205 

1273 

P 

Th02 

2273 

Q 

Y2O3 

2273 

R 

EuO 

773 

S 

BeSiN2 

2273 

T 

BeSiN2  - AIN  (SS) 

2273 

^All  candidates  good  in  RADAR  range. 


Materials  for  Windows 

Band  Pass* 

UV  VIS  IRl  IR2  IR3  IR4 

o o o 

o o o 

o o o o 

. o o o 

o o 

o o o 

o o o 

o o o o 

o o 

O o O o 

o r>  o o 

o o o o 

o o o o 

o o 

o o 

o o o o 

o o o o 

o o o 

o o o 

o o o o 
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I TABLE  5.2.  Summary  of  New  Candidate  Materials  For  Windows 

(continued) 


Max. 

Band  Pass* 

Class 

Materials 

Temp. 

UV 

VIS  IRl  IR2 

IR3 

IRl 

Al5SigOi5N3 

• 

U 

Al2Si90i2N6 

Sc2Si90i2Ne 

1773 

o 

0 o o 

CaLa2^4 

V 

SrLa2S^ 

BaLa2S4 

773 

o 

o 

0 

o 

o 

W 

Diamond 

1273 

o 

o o 

0 

o 

*A11  candidates  good  in  RADAR  range. 

UV  0.2  - 0.4  microns 
VB  0.4 -0.7 
mi  0. 7-3.0 
m2  3. 0-5. 5 


( 


r 


Hf02*W03.Ta205  | 

XTa205.yW03  ! 

XHf02*yT102 

These  materials  will  be  aimed  primarily  at  the  3-5^m  af^lication. 

TASK  1.3;  Silicate  mixed  oxides  with  IR  cut-off  f>J  S^m,  CTE  ^ 5.6  x 10~^/°C 
The  following  mixed  oxides  in  this  classification  will  be  synthesized  and 
characterized: 

Cs20«  Al2C^«  4S1C)2 

Zr02*  Si02 

2Zn0«Si02 

3Al203.2Si02 

2Mg0*2Al203.5Si02 

B4AI18O33 

Be3Al2(SiO3)0 

These  materials  will  be  aimed  primarily  at  the  3-5  ^m  application. 

TASK  1.4:  Simple  Oxides 

The  following  simple  oxides  will  be  synthesized  and  characterized: 

SnC)2 

Nb205 

These  two  materials  have  IR  cut-off  7 and  CTE  < 4. 0 x 10"6/°C 

Th02 

Y2O3 

EuO 

These  three  oxides  have  IR  cut-off  at  8,  9,  lO^m  respectively,  are  cubic,  and 
are  considered  good  model  systems  for  application  of  fracture  toughening  techniques. 

TASK  1. 5 : Non-oxide  candidates 

The  following  non-oxide  candidates  will  be  synthesized  and  characterized: 

1 

BeSiN2 

BeSlN2  - AIN  solid  solution 

These  materials  will  be  useful  from  the  UV  up  to  the  3^4tm  band  pass.  In  addition,  j 
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the  BeSiNo-AlN  system  will  be  a model  system  for  the  application  of  precipitation 
strengthening  techniques. 

TASK  1. 6;  Oxynitrides 

At  least  one  of  the  following  predicted  compounds  will  be  synthesized  (if 
possible)  and  cluiracterlzed: 

AlsSl^OisNa 

AI  2819012^6 

Sc2Sl90i2Ne 

These  are  anticipated  to  have  low  CTE  and  Improved  oxidation  resistance  over 
the  nitride  candidates. 

TASK  1.7:  Ternary  sulfides  with  the  cubic  Th^P^  structure 

The  following  compounds  will  be  synthesized  and  characterized: 

CaLa2S4 

SrLa2®4 

Ba  1^1284 

These  compountis  are  aimed  at  the  8-14  jtm  regime.  These  materials  are  also 
considered  to  be  good  model  systems  for  the  application  of  fracture  toughness 
enhancement  techniques. 

TASK  2.  Ot  Fracture  Toughness  Enhancement 

Techniques  will  be  developed  to  Improve  Kj(^  for  the  candidate  materials. 
The  approaches  which  will  be  investigated  and  evaluated  for  applicability  will 
include  the  following: 

a.  Particle  toughening 

b.  Fiber  or  whisker  reinforcement 

c.  Mlcrocracked  systems 

d.  Inclusion  of  second  phase  particles  with  "easy  cleavage  planes" 

e.  Partially  stabilized  Zr02  inclusions 

f.  I^eclpltate  strengthening 

The  emphasis  in  this  task  will  be  to  identify  those  techniques  which  have  the  best 
chance  for  Kj(^'  enhancement  with  acceptable  degradation  of  optical  properties  for 
selected  model  systems  in  each  band  pass  of  Interest. 
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Initial  evaluation  of  toughness  will  be  accomplished  by  microhardness 
measurements.  For  the  more  promising  candidate  systems,  more  standard 
techniques  such  as  double  cantilever  fracture  toughness  measurements  will  be 
made. 

Initial  thermal  shock  performance  will  be  evaluated  by  determining  lo- 
tained  strength  after  quenching  over  a range  of  AT  up  to  ma.ximum  ser\’ice  condition. 

TASK  3.0;  Thermostructural  Analysis 

Assessment  of  candidate  material  performance  for  various  advanced  mission 
ti-ajectories  will  be  accomplished  after  sufficient  thermo-structural  characterizations 
have  been  accomplished  to  provide  the  needed  input  data.  It  is  anticipated  that 
existing  evaluation  programs  (such  as  the  Johns  Hopkins  Applied  Physics  Laboratory 
UHLIM  program)  will  be  made  available  to  this  study. 

T.\SK4.0:  Modelling 

Modelling  of  the  effects  of  various  flaws  and  added  second  phase  particles 
on  the  optical  performance  of  the  candidates  will  be  accomplished  to  provide  guidance 
in  performance  of  TASK  2. 0. 

TASK  5. 0:  Continuing  Search  for  Improved  Candidates 

Throughout  this  study  there  will  be  a continuing  effort  to  Identify  superior 
c.andidatc  materials.  This  will  be  accomplished  by  literature  searches  and  personal 
contacts  in  the  sensor  window  and  materials  sciences  communities  by  all  the  co- 
investigators and  consultants  assigned  to  this  program.  If  particularly  promising 
candidates  are  identified,  these  will  be  characterized  and  assessed  as  part  of  this 
study. 

TASK  6. 0:  Program  Plan  for  Year  2 

At  the  conclusion  of  this  study,  recommendations  will  be  made  for  continua- 
tion of  the  work  on  a selected  limited  number  of  the  more  promising  candidates. 

A program  plan  will  be  prepared  Identifying  In  detail  the  specific  materials 
to  be  optimized,  the  reasons  for  the  selection,  the  synthesis  procedures  to  be  used, 
and  the  evaluation  methods  to  be  employed.  Budget  and  schedule  estimates  will  be 
provided. 
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TASK  7. 0;  Reporting 

Progress  of  the  study  will  be  documented  by  three  quarterly  letter  reports, 
and  a comprehensive  final  report.  Presentations  to  DAllPA,  the  contract  monitor, 
and  the  Steering  Committee  will  be  provided  as  appropriate. 

Schedule 

The  schedule  for  the  proposed  12-month  ITiase  I study  is  shown  in  Figure  35. 
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APPENDIX  1 


ABSORPTION  COEFFICIENTS  FOR 


SOME  SINGLE  CRYSTAL  MATERIALS 


APPKNDIX  I 


APSOHPTUW  COEFFICIENTS  FOR  SOME  SINGLE  CR\’STAL  MATERIALS 

REF.  Advanced  Materials  for  Optical  Windows 
General  Electric  Company 
TIS  No.  78-SDR-2199.  May  15.  1978 
Dr.  G.  A.  Slack 

The  followinp;  charts  present  absorption  coefficient  data  for  a number  of  refractoiy 
single  crystal  materials  as  a function  of  photon  wavenumber. 
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